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SUMAHT
Thia th e s i s  concerns the  design» c o n s tru c t io n  
and ap p lica t io n s  of two equipments, the R ecurren t-  
Surge O scillograph (H.S.O.)» and the Recovery Voltage 
In d ic a to r  (E .V .I#) which r e ly  on the re c u r re n t  in je c t io n  
o f  a s u i ta b le  voltage or cu rren t waveform to  an e l e c t r i c a l  
network, and the  o sc illog raph ic  d isp lay  of p o te n t i a l s  
across  the whole or p a r t  of the network on a timebase 
synchronised to  the in je c t io n  waveform*
The R*S*0. i s  p a r t i c u la r ly  u se fu l in  determ ining 
th e  voltage d is t r ib u t io n  in  windings, e s p e c ia l ly  transfo rm er 
windings, when subjected to  rap id  r e t e s - o f - r i s e  of v o ltag e  
such as occur on transm ission l in e s  under f a u l t  c o n d it io n s ,  
l^liereas the n a tu ra l  phenomena are of considerab le  
magnitude and occurring a t random, the instrum ent described  
genera tes  ty p ic a l  surge waveforms of low amplitude 
( < 1000 v o l ts )  r e p e t i t i v e ly  a t f i f t y  tim es p e r  second, 
so th a t  re s u l t in g  s t r e s s e s  may be in v e s t ig a te d  a t w i l l  
and without f e a r  of damage to  the winding. The equipment 
may a lso  be used as a high-speed o sc il lo g rap h  fo r  the 
record ing  of r e p e t i t iv e  t r a n s ie n t  phenomena, a s p e c ia l  
fe a tu re  being the time re so lu t io n  affo rded , of th e  o rder  
o f  te n  m illim icroseconds, during the p e r io d  immediately 
follow ing timebase t r ig g e r in g .  Tests may a lso  be made
to  determ ine the  c h a r a c t e r i s t i c s  (and c e r t a in  f a u l t s  to  
e a r th )  o f  cab les  using r e f l e c te d  pu lse  tech n iq u es .
The R .Y .I . i s  used to  i n j e c t  a c u rre n t  r e p e t i t i v e l y ,  
again a t  f i f t y  tim es p e r  second, in to  an e l e c t r i c a l  system 
which id e a l ly  may be a uniform tran sm iss io n  l i n e ,  bu t in  
p r a c t ic e  c o n s is ts  more o f te n  of an in te r -c o n n e c t io n  of 
c a b le s ,  r e a c to r s  and tra n s fo rm e rs . The in je c te d  c u rre n t  
i s  of h a lf-s in e -w av e  form and re p re s e n ts  the  l a s t  h a l f ­
cyc le  of l i n e  c u r re n t  (o f te n  a heavy f a u l t  c u rre n t)  befo re  
c i r c u i t  b reak e r  c o n ta c ts  open id e a l ly ,  and the  c u rre n t  c e a se s .  
Again the  in je c te d  q u a n t i ty  l a  sm all (m illiam peres) compared 
w ith  the  ty p ic a l  p r a c t i c a l  q u a n t i ty  (up to  thousands of 
am peres), and the  r e s u l t a n t  recovery  v o ltag e  across  the  
c i r c u i t  b reak e r  c o n ta c ts ,  which in  the  case o f m in ia tu re  
s im u la tio n  a re  rep re sen te d  by anode and cathode o f  a v a lv e , 
i s  co rrespond ing ly  small compared w ith  the  abnormally h igh  
p o te n t i a l s  which may cause r e s t r i k i n g  of an arc between 
c o n ta c ts  in  p r a c t i c e .  These recovery  v o lta g e s  are  due to  
th e  s to re d  energy in  the  system a t  the  time of ru p tu re  of 
c u r re n t ,  and th e o r e t i c a l  p r e d ic t io n  of t h e i r  s e v e r i ty  i s  
considered  in  v a r io u s  appendices.
P a r t  1 o f  the  th e s i s  r e f e r s  p a r t i c u l a r l y  to  the  
R . 8 .0 . , and P a r t  S to  the  R .Y .I. \ \\
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AUTHOR*s NOTES:
E sp e c ia l ly  i n  the  ch a p te rs  on H is to r ic a l  Surveys, 
use of the  p resen t ten se  has in  some in s ta n c e s  been 
made purposely  to  im part an a i r  of f re sh n ess  to  the  
work of the  p as t few y e a rs ,  th a t  i s  roughly during  
the  time when in v e s t ig a t io n s  were proceeding.
Due to  the  la rg e  number of osc illogram s 
a s so c ia te d  w ith  P a r t  1 , i t  has been considered  d e s i ra b le  
to  e n te r  them a t  a p p ro p r ia te  p laces  in  the  te x t  (as  
has been done w ith  a l l  f ig u re s )  f o r  ease  of re fe re n c e .
In  P a r t  2 ,  the  l im ite d  number of osc illogram s have been 
c o l le c te d  to  form Appendix ”D**.
F igu res  w i l l  norm ally  be found f a c in g  th e  page o f  \
te x t  where re fe ren ce  to  th e  f ig u re  f i r s t  occurs .
\\ \
"A
TàRT 1
RECURRENT -  SÜR6S OSCILLOGRAPH
2LIST OF FIGURES
F ig .1.1 Standard Form o f  Test Wave Shape &
F ig .1.2 E quivalen t C irc u i t  o f a Uniform Winding.
F ig .2,1 C iro u i t  diagram of Hohats* O scillograph
E le c t r i c  T rans ien t Analyser.
F ig .2.2 W ilkinson’ s c i r c u i t  fo r  the g en e ra tio n  of
Impulses from oosine-form  v o lta g e s .
F ig .2.3  W ilkinson’ s c i r c u i t  f o r  e lec trom agnetic  scanning,
and fo r  synchronized impulse g enera tion  a t  
recu rrence  freq u en c ies  about lOOO c / s .
F ig .2.5 C i r c u i t s  fo r  IVhite’ s R .8 .0 . (1943).
F ig .2.6 C irc u i t  f o r  White and N e th erco t’ s R .8 .0 . (1949).
F ig .2.7 Robinson and Grey*s capac itance  tapp ing  and cathode*
fo llow er c i r c u i t .
F ig .2.6 some Impulse G enerator waveshaping c i r c u i t s .
F ig .3.1 Block Diagram of R .3 .0 . C i r c u i t s .
F ig .3.2 R e la tiv e  phasing of Waveforms in  R .8 .0 .
F ig .4.1 Experimental bench la y o u t.
F ig. 4 .2  General view of Model
F ig .4 .3  C ir c u i t s  f o r  Model ”A**.
F ig .5.1 General view o f Model
F ig .5 .2  Block Diagram f o r  Model
F ig s .6.1 ) D e ta iled  c i r c u i t s  fo r  Model to  6.13)
F ig .71 Close-up view of c o n tro ls  on Chassis
Nos. 8 and 3.
F ig s . 8 .1 )  Oscillogram s, to  8 .5 )
F ig .11.1 General view o f Small Demonstration Transformer
and Windings.
"ïuMf (yuS«C )
kv\%c rbsecc»v{s .
Fin 1.1 S fav x d aM  jorivv o|! beôP lOaVe
îI
- I t - T
î
Çl • «ll^eetwe ivuiu l^'^^cc
Coil .
» Sert€^
bciloeevv ^oil^
S Os * CA^^vCthux€ to
• 6xrltv jfCk^  iûcU Coil 
1\ cÇ Clotls
.  r c s  
"  ZT
Ce ~ h  C C e ,
fïili  ^ h(eutra(.Ec^uWalev\(* GrCvulr CK V^v\d|K^
PART 1. THIS RSQX3RR5NT SÜRg^ OSCILLOGRAPH
Chapter 1
An In tro d u c tio n  to  the  Problems and A pplloa tlons
The Recurrent Surge O scillograph  (R«S«0.) i s  an 
instrum ent fo r  g enera ting  impulse vaveforms of some 
d es ired  shape, and d isp lay in g  th e  r e s u l t s  of applying 
such waveforms to  networks. The waveforms are  norm ally 
the  s tandard  t e s t  waveforms as defined  by the  In te rn a t io n a l  
E le c tro te c h n ic a l  Commission (see F ig .1 .1 ) ,  I . e .  the  1/5 
and 1/50 waves, though many o th e r  v a r ia n ts  have been used. 
The a s so c ia ted  o sc il lo g rap h  should be capable of d isp la y in g  
the  whole o r  part of such waveforms, p re fe ra b ly  on a l in e a r  
time base and r e p e t i t i v e ly  ( to  give a s teady  t r a c e  f o r  
d i r e c t  observation) a t a frequency corresponding to  th a t  of 
the impulse r e p e t i t io n  r a t e .
Impulse T esting  of transfo rm er windings has been 
common p ra c t ic e  fo r  many y e a rs ,  the  ob jec t being to  sub jec t 
the  winding to  s t r e s s e s  in  excess of those which would 
norm ally occur in  p ra c t ic e  due to  l ig h tn in g  s t r i k i n g  a 
tran sm iss io n  l i n e ,  sw itch ing , or some o th e r  f a u l t  cond ition . 
Fundamentally the  transfo rm er winding may be rep resen ted  as 
in  F ig , 1 .2  by an inductance having d is t r ib u te d  capacitance 
to  e a r th ,  and capacitance between successive  tu rn s .  These
8capac itances  arc  small and have n e g l ig ib le  e f f e c t s  
a t  power f req u en c ie s ,  but become a l l  im portant when 
the i n i t i a l  v o ltag e  d i s t r i b u t io n  in  a winding sub jec ted  
to  a high r a t e - o f - r i s e  o f v o ltage  i s  considered . For 
a r e c ta n g u la r  waveform (u n i t  func tion ) app lied  to  the  
winding, the  i n i t i a l  v o ltag e  d i s t r i b u t io n  w i l l  be 
determined s o le ly  by the  winding c a p ac itan c es , w ith  the  
r e s u l t  t h a t  a la rg e  p ro p o r tio n  of the  app lied  vo ltage  
appears across  the  f i r s t  few tu rn s  from the  l i n e  end 
of th e  w inding. Subsequently , th e  inductances and 
r e s is ta n c e s  of th e  winding must be considered  during 
the  o s c i l l a to r y  t r a n s i t i o n  p e rio d  befo re  a uniform 
vo ltage  d i s t r i b u t io n  i s  ob ta ined . At any p o in t in  the  
winding th e re fo re ,  decaying o s c i l l a t i o n s  of a fundamental 
p lu s  o th e r  (o f te n  harmonic) frequenc ies  occur which may 
r e s u l t  in  o v e r - s t r e s s in g  th e  main in s u la t io n  o f  the 
winding. So f a r ,  th e  e f f e c t s  of a re c ta n g u la r  wave 
app lied  to  a simple uniform winding have been mentioned, 
but in  p r a c t i c e  the r a t e - o f - r i s e  i s  no t i n f i n i t e ,  the  
winding may no t be uniform, th e re  may be coupled windings, 
and the impulse may n o t appear d i r e c t ly  across the winding 
but in  s e r i e s  w ith some o th e r  impedance, f o r  example, 
an in d u c tiv e  n e u t r a l - to - e a r t h  connection .
6Two p o in ts  emerge: f i r s t l y ,  a r ig o ro u s  m athematical
trea tm ent becomes very la b o rio u s  i f  not almost im possible 
w ith  th e  r e s u l t  th a t  experim ental in v e s t ig a t io n  g ives 
a quicker and p o ss ib ly  more accu ra te  so lu t io n ;  secondly, 
th a t  as long as l i n e a r  c i r c u i t  elements are considered , 
th e  use of high v o ltag e  t e s t s  are unnecessary, fo r  the 
same phenomena may be observed w ith  a wavafoim whose 
amplitude i s  but a small f r a c t io n  of the  ty p ic a l  p r a c t i c a l  
va lue . This should not be taken to  in f e r  th a t  an 
approximate mathem atical so lu t io n  i s  d i f f i c u l t  or u s e le s s ,  
or th a t  such complete s a t i s f a c t io n  i s  ob ta ined  as when a 
winding su c c e s s fu l ly  w ith s tan d s  a h igh  v o ltag e  t e s t .
With the ex tension  of impulse t e s t i n g  to  machine 
w indings, cab les  and o th e r  networks, and the  in v e s t ig a t io n  
of f a u l t s  and I r r e g u l a r i t i e s  in  tran sm iss io n  l i n e s  by 
r e f le c te d  p u lse  techn iques , the  u se fu ln e ss  of a mobile 
apparatus g en e ra tin g  m in ia tu re  t e s t  impulses and d isp lay in g  
the r e s u l t s  w i l l  be ap p rec ia ted . The idea  i s  no t new, 
having been used by v a rio u s  workers 103, 104, 105, 108,
109, 110 , 111 in  many p a r t s  of the  world f o r  the  l a s t  
twenty y e a rs .  This p re sen t work concerns the design , 
co n s tru c t io n  end a p p l ic a t io n  of a Recurrent Surge 
O sc illog raph , in c o rp o ra t in g  the refinem ents  of a modern 
equipment, f o r  th e  Royal Technical C ollege, Glasgow.
V e r s a t i l i t y  has been kept In  mind, and in  ad d it io n  to  
producing smooth waveshapes in  the  norm ally d es ired  
range, a pu lse  g en era to r  having a low impedance ou tpu t 
and an o sc il lo g rap h  capable of d isp lay in g  very high 
w r i t in g  speeds have been s p e c if ie d .
The problems involved in  the  design o f such 
apparatus are  no t very  apparen t. F i r s t l y ,  fo r  a s teady  
r e p e t i t i v e  d isp la y ,  the  time of t r ig g e r in g  of the  
impulse g en era to r  with re sp e c t  to  the timebase must be 
constan t and accu ra te ,  e s p e c ia l ly  when i t  i s  d es ired  to  
d isp la y  an impulse r is e - t im e  of 0 .1  microsecond on a 
0 .5  microsecond time sweep; and f u r th e r ,  very  few 
th y ra t ro n s  have a r a t e - o f - r i s e  of cu rren t c h a r a c te r i s t i c  
to  perm it such a f a s t  impulse f r o n t .  Secondly, s t r a y  
w iring  inductances and cap a c ita n c e s , and i n t e r - c i r c u i t  
coupling , may produce unwanted o s c i l l a t i o n s  o r  d i s to r t io n  
of the  d es ired  waveshape, e s p e c ia l ly  con s id e rin g  the  
component freq u en c ies  of c e r ta in  wave shapes. T h ird ly , 
the  conventional h ig h -v o ltag e  cathode ray  tube necessary  
fo r  ob ta in ing  a s u f f i c i e n t ly  b r ig h t  and f in e  t r a c e  a t  
high w r i t in g  speeds has i n t r i s i c a l l y  low d e f le c t io n  
s e n s i t i v i t i e s ,  so re q u ir in g  a very  high speed r e p e t i t i v e  
timebase producing an eq u iv a len t peak-to -peak  sawtooth 
vo ltage  of n e a r ly  2000 v o l t s .  F ou rth ly , in  o rder to  
reduce fogging of th e  cathode ray  tube screen  and to
6e lim in a te  i n i t i a l  spot h a la t io n  due to  the  r e l a t i v e l y  
long in te r - im p u lse  p e r io d s ,  beam modulation f o r  
predeterm ined and p re c ise  time p e r io d s  must be provided; 
a lso  a means must be found of a c c u ra te ly  c a l ib r a t in g  
v e r t i c a l  d e f le c t io n  ( in  v o l t s )  and h o r iz o n ta l  d e f le c t io n  
( in  m illim icroseconds or m icroseconds). F i f th ly  and 
l a s t l y ,  the c o n s tru c t io n  must allow a l l  necessary  changes 
in  c i r c u i t s  to  be made q u ick ly , and provide f a c i l i t i e s  
fp r  modifying the  e x is t in g  c i r c u i t s  e a s i l y  fo r  sp e c ia l  
re sea rch  purposes.
The in d iv id u a l  a p p l ic a t io n s  p re se n t  f u r th e r  
problem s, though r e l a t i v e l y  small compared w ith  those 
of the  main equipment. These include t e s t s  on various  
types o f  winding, the  tapping  of waveforms from p o in ts  
oh the winding, and th e  s im ula tion  of s ta t ic - e n d ^ f in g  
co n d itio n s  and p ro te c t iv e  schemes. In  the  case of 
cab le  p u l s e - t e s t in g ,  matching must be considered , and 
f o r  impulse t e s t in g  of machine w indings, the  question  
of removing the  r o to r  o r  armature fo r  experim ent.
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Chapter 2 
An H ia to r lo a l  Survey 
Reourrent -  Surge O scillographs and A ssociated C l r o u i t s ;
In  1924, Turner (Trana. A#I,E.S. 43, p . 805) described  
a techn ique fo r  superimposing images of t r a n s i e n t s ,  using 
a v ib ra t in g -m ir ro r  o sc i l lo g ra p h  end a r o ta t in g  co n tac t 
system, so th a t  o b se rv a tio n  and reco rd ing  of th e  images 
vas  f a c i l i t a t e d .  Such an equipment has d i s t i n c t  l im i ta t io n s  
in  p r a c t i c e ,  and the development o f  the cathode ray  tube 
in  th e  * t h i r t i e s  made a v a i la b le  a v a s t ly  su p e r io r  method 
of d isp la y .
I t  vas not u n t i l  1936 hovever th a t  papers  on 
Reourrent-Surge O sc illog raphs  using  high-vaouum s e a le d -o f f  
cathode ra y  tubes appeared, one by Rohats(103) o f  the 
General E le c t r i c  Company o f  America and one by Wilkinson 
of the B r i t i s h  Thomson-Houston Company (B,T,H, A c t iv i t i e s  
12, p . 64, 1936)* Hohats(103) used a simple c i r c u i t  
(F ig , 2 .1 ) in  which n eg a tiv e  h a l f - c y c le s  from the  
tran sfo rm er secondary charged the  c a p a c ito r  C^ through 
the  r e c t i f i e r  diode. The th y ra t ro n  T% was b iased  so 
th a t  s t r i k i n g  occurred only a t  th e  c r e s t  o f the  p o s i t i v e -  
going h a l f - c y c le  from th e  transfo rm er secondary a f t e r  
which th e  charg ing  of c a p a c i to r  provided a time-sweep
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p o te n t i a l  to  the  X d e f le c t io n  p l a t e s .  S im ultaneously  
w ith  the s t a r t  of the time-sweep, a p o s i t iv e -g o in g  
waveform coupled to  the g r id  o f  th y ra tro n  Tg through 
c a p a c ito r  O5 ’•fired** t h i s  th y ra tro n  and discharged 
C apac ito r 0% through the remainder o f the  wave-shaping 
c i r c u i t  L, Cg, 3Rg and Rg. The f u l l  output across  
C apacitor Cg could then  be app lied  to  the  transfo rm er 
winding or o th e r  network under t e s t .  To provide a 
c a l ib r a t i n g  o s c i l l a t i o n ,  Rohats lo o s e ly  coupled a 
"wavemeter**, presumably a p a r a l l e l  tuned c i r c u i t  
w ith  s u i ta b ly  c a l ib ra te d  v a r ia b le  e lem ents, to  the 
inductance L o f the waveshaping c i r c u i t  and observed the  
r e s u l t a n t  decaying o s c i l l a t i o n  from th e  wav erne t e r  on the  
O sc illog raph , This **Slectric T ransien t Analyzer** was 
used fo r  th e  surge a n a ly s is  of machine and transfo rm er 
windings and f o r  dem onstrating the  e f f e c t  of te rm in a tin g  
impedance on r e f l e c t i o n s  of impulse waves in  l i n e s  o r  
ca b le s ,
. Ihough Wilkinson pub lished  a peper on h is  instrum ent 
in  1938, the  more c l a s s i c a l  p a p e r(110) did not appear t i l l  
e a r ly  in  1938. Whereas R ohats(103) had used a th y ra tro n  
as a switch to  discharge a c a p a c i to r  through a waveshaping 
c i r c u i t  during  a convenient h a l f - c y c le ,  W ilkinson(llO) 
suggested the  use of th e  th y ra tro n  fo r  the  sudden
Field Coil. 3
T).C.
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a p p lic a t io n  of a s in u so id a l  waveform from the  mains 
a t  vo ltage  maxima, i . e .  a cosine-form  (equals  0 a t  
t  < 0 ) followed by a s u i ta b le  waveshaping network 
(F ig . 2 .2 ) .  The advantage of t h i s  l a t t e r  method is  
in  d ispensing  w ith  the  charging r e c t i f i e r .  Both 
Rohats and W ilkinson had used the  mains frequency 
(60 c / s  and 50 c / s  re sp e c t iv e ly )  as t h e i r  r e p e t i t i o n  
frequency source , but by 1938 W ilkinson had developed 
a c i r c u i t  o pera ting  from a D.C. source having a r e p e t i t io n  
frequency of about lOOO c / s  so g iv in g  a b r ig h te r  t r e e s  
a t h igher w r i t in g  speeds (F ig . 2 .3 ) .  Wilkinson used 
electrom agnetio  d e f le c t io n  fo r  th e  timesweep, b iasing  c o ils  
f o r  X -s h i f t ,  and d i r e c t l y  coupled o s c i l l a to r y  c i r c u i t s  to  
provide a tim ing o s c i l l a t i o n .  Cathode ray  tube hem  
modulation was in troduced  to  suppress  the spot during the 
r e l a t i v e l y  long id le  p e r io d s ,  a f r a c t io n  of the p o te n t ia l  
across the time-sweep c o i l s  being app lied  to  th e  cathode 
ray  tube cathode fo r  t h i s  purpose. As regards  supeTimposition 
of successive  t r a c e s ,  a constancy of image p o s i t io n  o f  
only 0 .5  microsecond was claim ed, while impulse wavefront 
times of 0 .1  microsecond were not unusual. One fu r th e r  
fe a tu re  of W ilkinson*s l a t e r  instrum ent was i t s  
a p p l ic a t io n  to  c i r c u i t  in te r r u p t io n  problems, i . e .  as a 
Recovery Voltage In d ic a to r  (H .T .I .) .  (See P a r t  2 ) .
IS
Also in  1958, S co lea(l05) o f  the  M etropolitan* 
T ickers  jU lectrlca l C o .L td ., described  an equipment using 
an Impulse g en e ra to r  c i r c u i t  s im i la r  to  th a t  of Rohats, 
but w ith  an o r ig in a l  t r ip p in g  ( t r ig g e r in g )  c i r c u i t  
arrangement. E f fe c t iv e ly ,  by a d ju s t in g  th e  balance 
o f  a neon, c ap a c ito r  and r e s i s t o r  b ridge  c i r c u i t ,  two 
p o s i t iv e  peaks p e r  cycle could be obtained to  actuate , 
the. timebase 100 times e second w ith  the  Y -p la tes  
producing an impulse wave and zero l in e  a l t e r n a te ly ,  or 
one p o s i t iv e  peak p e r  cycle  to  g ive normal 50 cycle  p e r  
second r e p e t i t i o n  o f  both timebase and impulse g en e ra to r .  
E l e c t r o s ta t i c  time*sweep d e f le c t io n ,  beam modulation, 
and a shock ex c ite d  resonant c i r c u i t  to  provide time 
c a l ib r a t io n  were in co rp o ra ted . A new fe a tu re  was an 
a d d i t io n a l  c i r c u i t  f o r  producing chopped impulse waves, 
using a charging network and a th y ra tro n  (Fig. 2 .4 ) ,  to  
s im ulate  breakdown of in s u la t io n  a t  the  c r e s t  o r on th e  
t a i l  of th e  impulse waveform, and so producing a waveform 
having a very h igh  ra te -o f-ch an g e  of p o te n t i a l .
In  1942 Rohats produced a p ap er(104) w r i t te n ,  
p a r t l y  i t  would seem fo r  th e  layman, in  which he described  
a more compact and f in ish e d  instrum ent. Fundamentally, 
th e re  was no th ing  new except th a t  he used a th y ra tro n  
pu sh -p u ll  timebase and beam modulation.
J Si.
l 'ü Wl i^lre's R .S .O . f'9u-5)Ol
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grAbout the same tim e, White(lOS) o f  th e  Ë .R .A. was 
developing a new h igh-speed  R ,S .O ., which wes to  be the 
b a s i s  of s e v e ra l  c o n s tru c te d  in  t h i s  coun try  during  the  
subsequent decade. I'^hite used a p o o r ly  smoothed fu ll-w ave  
r e c t i f i e r  th e  o u tp u t from which gave 100 u n id i r e c t io n a l  
p u lse s  p e r  second, which in  tu rn  ’’f i r e d ” a simple t r ig g e r in g  
c i r c u i t  {Fig. 2 .5 ) .  The tim ebase was of a p u sh -p u ll  
v a r i e ty  in  which c a p a c i to r s  were charged r e l a t i v e l y  slow ly 
(f ly b ack ) from p o s i t i v e  and n e g a t iv e  D.C. s u p p l ie s ,  gnd 
d ischarged  more r a p id ly  through two th y ra t ro n  sw itch  c i r c u i t s  
t r ip p e d  100 tim es a second. The impulse g e n e ra to r  and 
tim ing  o s c i l l a t o r  c i r c u i t s  were t r ip p e d  a l t e r n a t e l y ,  each 
50 tim es a second, the  common 100 c / s  t r ip p in g  p u lse  b e in g ' 
e f f e c t iv e  on ly  when the  r e s p e c t iv e  th y ra t ro n  anode was 
p o s i t i v e  w ith  r e s p e c t  to  i t s  ca thode . A s h g h t ly  d i f f e r e n t  
chopping c i r c u i t  was used so th a t  th e  impulse g e n e ra to r  
va lve  di(i not have to  c a r ry  an a d d i t io n a l  c u r re n t  due to  
the  chopping th y ra t ro n .  Vfhite’ s R.S.O. was a lso  designed 
to  d isp la y  e x t e r n a l ly  g en era ted  t r a n s i e n t s ,  end to  g ive  
s in g le - s t ro k e  o p e ra t io n  of the  tim ebase as a r e s u l t  o f a 
p o s i t i v e  t r i p  s ig n a l  a lso  from^the e x te rn a l  so u rce ; in  such 
c a se s ,  a 0 .8  m icrosecond cab le  was to  be in s e r te d ' to  de lay
% B r i t i s h  E l e c t r i c a l  and A ll ie d  I n d u s t r i e s  Research 
A sso c ia tio n .
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the a r r i v a l  of the  t r a n s i e n t  phenomenon a t  the  d e f le c t io n  
p l a t e s .
The c i r c u i t  of D' Eeckenhrugge(112) added l i t t l e  to  
th e  tech n iq u es  a lre ad y  d e sc r ib e d , except perhaps  the  
( r a th e r  crude) use of a h ig h -v o l ta g e  A.C. cathode ray  
tube supply  so th a t  th e  beam was e f f e c t i v e ly  ”on” only  
during  n e g a tiv e  h a l f - c y c le s  a t  the  ce thode .
l a  1949, IVhite and N e th e rc o t(109) of the  E.R.A. 
p ub lished  a comprehensive paper on the  most re c e n t  
developments of th e  E.R.A. R ecurren t-Surge O sc illo g rap h . 
This paper and the  subsequent d isc u ss io n  may be 
acknowledged as the  most r e c e n t  survey p ub lished  on the  
techn ique , and g ive  se v e ra l  in d ic a t io n s  of design  t re n d s  
end a p p l ic a t io n s#  White and N etherco t emphasize the  
need fo r  a ba lanced  time-sweep c i r c u i t  in  o rd e r  to  avoid 
undue d i s t o r t i o n  and astigm atism  e s p e c ia l ly  when h ig h ly  
unsymmetrical p o t e n t i a l s  are  ap p lied  to  th e  v e r t i c a l  
d e f le c t io n  p l a t e s .  The performance of t h e i r  cathode 
ra y  tube was improved by us ing  re c ta n g u la r  m odulating 
p u lse s  in s te a d  o f the  ex p o n en tia l  forms which appear to  
have been accep tab le  to  p rev io u s  d e s ig n e rs ,  and by using  
a herd valve tim ebase so e l im in a t in g  a p o s s ib le  cause of 
t r a c e  j i t t e r  due to  mercury-vapour th y ra t ro n s .  Judging 
by comments of many au th o rs  and c o n t r ib u to r s  to  d isc u ss io n
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th rough the y e a rs ,  t r a c e  j i t t e r  was one of th e  most 
v i r u le n t  problems of the  technique#
The c u rre n t  E.B#A. Instrum ent (109) used much the  
same arrangements fo r  th e  tim ing o s c i l l a t o r  and Impulse 
g en era to r  as mentioned p re v io u s ly (108), the  ou tpu ts  
being ap p lied  to  each o f the  d e f le c t io n  p l a t e s .  I t  being 
accepted th a t  the  o th e r  p la te  was a t  e a r th  p o te n t i a l  
during a p a r t i c u l a r  fu n c tio n  and v ic e -v e rsa .  The 
tlmebase (F ig . 2 .6) employed the d ischarge  of one 
c a p a c i to r  to  charge another l a  a c i r c u i t  co n ta in in g  
a hard  valve (e le c t ro n ic  sw itch) of high A.C. r e s i s ta n c e  
and gave a reasonab ly  l i n e a r  sweep waveform having 
d u ra tio n s  of 0 .3  to  250 m icroseconds. The use of the 
h y d ro g e n - f i l le d  th y ra t ro n  In  g en era tin g  Impulse 
Wavefronts s h o r te r  than 10 second was fo r e c a s t  and 
Indeed had been ex perim en ta lly  inc luded , and fo r  even 
high wavefront speeds (c, Q-0 3fxsec. ) t r ig g e re d  spark- 
gaps had been su c c e s s fu l ly  u t i l i z e d .  a d d i t io n a l
e x te rn a l  f e a tu re  was the  development o f  a g e n e ra to r  fo r  
In v e s t ig a t in g  th e  re a c t io n  of a tran sfo rm er to  the tsrpe 
of r e la x a t io n  o s c i l l a t i o n  v o lta g e  which sometimes a r i s e s  
between c o n ta c ts  of a c i r c u i t  b reaker on b reak ing  an 
in d u c tiv e  c i r c u i t ;  t h i s  comprised e ig h t  th y ra t ro n s  having 
In te r -v a lv e  liO tim ing c i r c u i t s  so as to  produce a form 
of saw -tooth  v o ltag e  which under c e r t a in  co n d it io n s  could
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cause the  b u i ld  up o f  fo rced  o s c i l l a t i o n s  in  a winding 
followed by f r e e  o s c i l l a t i o n s  decaying e x p o n e n tia l ly  
a f t e r  th e  saw-tooth had ceased; so f a r  as i s  known,
 ^ the  inc idence  of s u i t a b le  c r i t i c a l  c o n d it io n s  In  p ra c t ic e  
.  ^ • I s  s t i l l  unassessed .
In  the  d isc u ss io n  on White and N e th e rco t’ s paper , 
W ilkinson, who p ioneered  the  R.S.O. in  Great B r i t a in  s a id ;  
’^ I f  the re c u r re n t -s u rg e  o s c i l lo g ra p h  i s  l i k e  a t u t o r  
w ith  whom problems can be d iscu ssed , the  s in g le - re c o rd  
o sc i l lo g ra p h  I s  to  be compared w ith  a system of 
correspondence by f i e l d  p o s tc a rd ^ . Bowdler commented on 
the  use o f screened o r  unscreened le a d s  from th e  R .3 .0 . 
to  th e  tran s fo rm er , f in d in g  sc reen in g  unnecessary when the  
connecting  le a d s  were kept s h o r t .  P e rry  and Page 
mentioned the  p o s s i b i l i t y  o f  the  Impulse wave shock- 
e x c i t in g  th e  tim ing  o s c i l l a t o r ,  and r e s u l t in g  in  th e  
superlm posltlon  o f low amplitude o s c i l l a t i o n s  on the  
reco rd  t r a c e ,  bu t the  au tho rs  d iscounted  t h i s .  Hsmmarlund 
(Sweden) considered  th a t  the  importance of impulse wave- 
f ro n t  tim es s h o r te r  than 0 .5  microsecond should not be 
o v e r-e s tim a te d , bu t t h i s  d id  no t n e c e s s a r i ly  apply  to  
t r a n s i t i o n  t i n e s  of chopping on th e  w a v e - ta i l .  Hammarlund 
a lso  s t r e s s e d  th e  need of care  w ith  le a d s ,  but suggested 
th a t  e rro is  using unscreened le a d s  were q u ite  small a t
17
l e a s t  f o r  ro u t in e  t e s t s  w ith  1/50 waves; e lso  f o r  
ro u t in e  work, t e s t s  of tran s fo rm er  w indings in  a i r  
in s te a d  of o i l  gave s u f f i c i e n t  accuracy . Page d esc r ib ed  
an equipment having a maximum tim ebase speed o f 0 .5  
microsecond end minimum impulse w avefront tim es o f  0.05 
m icrosecond, observ ing  th a t  hydrogen th y ra t ro n s  seemed 
the id e a l  sw itch  f o r  impulse g e n e ra to r s ,  and s a t i s f a c t o r y  
in  tim ebase8 i f  sp u rio u s  o s c i l l a t i o n s  a t  the  h ig h e r  
speeds were not encoun tered . In  m easuring i n t e r - t u r n  
v o l ta g e s ,  C larke suggested  th a t  the  im pulse g e n e ra to r  
end tra n s fo rm e r  be allowed to  take  up any p o t e n t i a l ,  and 
th a t  an e a r th  be ap p lied  a t  one of th e  ta p p in g s  co n s id e red , 
so as to  avoid defocussing  e f f e c t s  due to  h ig h ly  asymmetric 
v o lta g e s  (W ilkinson had e a r l i e r  suggested in s u la t in g  the  
core and tank  of a tra n s fo rm e r  from e a r th ,  apply ing  th e  
im pulses to  th e  (norm ally  ea r th ed )  ta n k , and e a r th in g  th e  
l i n e  te rm in a l so th a t  i n t e r - t u r n  v o l ta g e s  a t  th e  l i n e  end 
would be l e s s  asym m etrica l) . B u ttrey  and W ilkinson bo th
r a is e d  th e  q u e s tio n  o f  th e  tran s fo rm er  w inding behaving 
l i n e a r l y  du ring  th e  f i r s t  s e v e r a l  hundred m icroseconds, and 
rfhitc and N ethercot agreed th a t  w hile  th e  i ro n  co re  of a 
tran sfo rm er w i l l  c a r ry  m agnetic f lu x  during  t h i s  p e r io d , 
the  leakage  p a th  i s  in  a i r  very  l a r g e ly ,  w hether o r  no t 
the  tran s fo rm er  windings are  e f f e c t i v e l y  o p e n -c i rc u i te d ,
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t h a t  v a r ia t io n s  in  th e  re lu c ta n c e  o f  the  iro n  c i r c u i t  
would be n e g l ig ib le ,  and th a t  low f lu x - d e n s i ty  and 
ed d y -cu rren t8 s u b s ta n t i a te  the presum ption o f  l i n e a r i t y .
At th a t  time the  au th o rs  of the  paper  d id  not know of 
any method of tap p in g  an e x i s t in g  tran s fo rm er  w ithou t 
p ie rc in g  th e  in s u la t io n ;  however, in  1953 Robinson and 
Gray(l02) d esc r ib ed  a s u i t a b le  method using  a c a p a c i t iv e  
coupling  to  some m eta l f o i l  wrapped round a conductor 
and a cathode fo llo w e r  c i r c u i t  between th e  ”p ic k -u p ” and 
the  o s c i l lo g ra p h  p la te s  (F ig . 2 .7 ) .
The s u b je c t  o f  wavoshaping to  o b ta in  im pulses 
o f the  V arious s tan d a rd  forms was t r e a te d  by v ario u s  
a u th o rs ,  one of the  e a r l i e s t  being Thomason(102) who 
in  1934 p u b lish ed  a f a i r l y  complete s e t  o f  fo im ulae f o r  
th e  s o lu t io n  o f  th e  more common c i r c u i t s  (F ig . 2 .8 ) .
The a n a ly s is  of some of th e  c i r c u i t s  suggested  would be 
r a th e r  te d io u s ,  and i t  i s  no t s u rp r is in g  th a t  Thomason 
confined h i s  comparisons to  th e  s im p les t c i r c u i t s .  
N everthe less  he d id  show e f f e c t i v e l y  th e  r e s u l t s  of 
vary ing  the  param eters  o f  c i r c u i t s  on the  waveshapes.
L a te r ,  in  1937, Thomason produced a s e r i e s  of c h a r t s ( l 0 7 ) ,  
f o r  two p a r t i c u l a r  c i r c u i t s  recommended as b a s ic  by the  
I n t e r n a t io n a l  E le c t ro te c h n ic a l  Commission, so th a t  c i r c u i t  
c o n s ta n ts  could  be e a s i l y  s e le c te d .  A f u r th e r  p ap e r( lO l)
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by Eaton and G ebalein  in  1940 p re se n te d  a s e r i e s  
of graphs from which c i r c u i t  param eters  to  g ive  
a p a r t i c u l a r  waveform might be determ ined; in  t h i s  
paper th re e  of the most common c i r c u i t  arrangem ents 
were considered  in c lu d in g  th e  one(2b) used by th e  
p re s e n t  ‘a u th o r .
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O so illo g rap h y s
P ro g ress  in  o sc i l lo g re p h y  end in  h igh -speed  
reco rd ing  in  p e r t i c n l a r ,  from th e  e a r ly  in s tru m en ts  
of Dufour, Wood, and Rogowski was tra c e d  in  a paper 
p resen ted  in  1935 by f i l l e r  and Bobinson(204), For
h igh  speed re c o rd in g ,  co n tin u o u s ly  pumped tu b e s  w ith  
very high  a c c e le r a t in g  p o t e n t i a l s  were the r u l e  and 
( in  Germany) reco rd in g  speeds of th e  o rd e r  o f one f i f t h  
of th e  v e lo c i ty  o f  l i g h t  were reported*  Hot and co ld  
cathode s t r u c tu r e s  were in  u se ,  and gas focuss ing  common, 
w ith  magnetic fo cu ss in g  and (even more so) e l e c t r o s t a t i c  
fo cu ss in g  considered  as i n t e r e s t i n g  n o v e l t i e s .  Sealed^ 
o f f  tu b es  were no t mentioned in  t h i s  paper except in  
reg a rd  to  t h e i r  c o n s id e ra b le  i n f e r i o r i t y .  P o s t­
d e f le c t io n  a c c e le r a t io n  systems were used as e a r l y  as 
1928.
From 1935 onwards, the  development of the  h ig h - 
vacuum s e a le d -o f f  tube proceeded r a p id ly .  H o h a ts ( l0 3 ) ,  
W ilkinson(110), M oGillewie(210) and o th e rs  d esc r ib ed  
equipments f o r  reco rd in g  r e c u r r e n t  or s in g le - s t r o k e  
t r a n s i e n t s  u s ing  s e a le d -o f f  tubes w ith  f i n a l  a c c e le r a t in g  
p o t e n t i a l s  of up to  5kV. F o rre s t(2 0 3 )  in  a 1943 paper 
quoted a c l a s s l f l o a t l o n  of o s c i l lo g r a p h s , I n  th re e  
c a te g o r ie s :  (a) th e  c o n tin u o u s ly  evauoated type having
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a f i n a l  anode v o ltag e  o f  about SOkV and w r i t in g  speeds 
up to  50,C):;0 Km/sec; (b) h igh-vaow m  s e a le d -o f f  tube 
type having f i n a l  anode v o l ta g e s  of about 5kV; and (c) 
the lovmr v o ltag e  ty p e s ,  a lso  s e a le d -o f f ,  w ith  f i n a l  
anode v o ltag es  not exceeding 2kV. By t h i s  time th e re fo r e ,  
th e  h ig h -v o lta g e  high-vrcuum s e a le d -o f f  tube was e s ta b l is h e d  
as 8 p r r c t i c a l  to o l  and re s e s rc h  in to  screen  phosphors 
and c o n s tru c t io n  techn iques  le d  to  such developments 
(1948-50) as the  908 BCC and 1608 300A tu b e s  Ltd*)
having e f f e c t iv e  w r i t in g  speeds o f  3000 and 20,000 km/sco 
r e s p e c t iv e ly  w ith  a p p ro p r ia te  o p t i c a l  arrangements*
Many of the wartime developments a re  described  in  
the  book "Cathode Ray Tube D isp la y s" (1) and in  a paper 
by B a r t l e t t  and D av ies(£01) on the  design  of h igh -speed  
o sc il lo g rap h s*  T his l a t t e r  paper d isc u sse s  s u c c in c t ly  
the  problems of h igh -speed  o sc i l lo g ra p h y  such as t r a c e  
b r ig h tn e s s  w ith  timeeweeps of th e  lu se c  o rd er  end low 
r e p e t i t i o n  frequencies*  The cathode ray  tube sc reen  may 
rece iv e  energy only fo r  about 0*C5ÿ o f  th e  t o t a l  time end 
t h i s  mey be countered  by incrr^esing th e  beam c u r re n t  w ith  
deg rada tion  o f fo cu s , o r  by in c re a s in g  the  f i n a l  anode 
a c c e le r a t in g  v o ltag e  w ith  consequent lo s s  of d e f le c t io n  
s e n s i t i v i ty *  F o s t-d a f le c t lo n -a o c e le rM tio n  cathode ray  
tubes  as considered  by ?Riite(£09) have been designed to
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overcome t h i s  l a s t  problem b u t although a v a i la b le  
in  th e  United S ta te s  fo r  a number o f years  now, th ese  
have been slow to  ga in  p o p u la r i ty  in  t h i s  coun try , es 
the a c c e le ra to r  r in g s  can ac t as a len s  d i s to r t i n g  the  
image and reducing th e  e f f e c t iv e  screen  a rea . F u r th e r ,  
beam m odulation i s  e s s e n t i a l  in  h igh-speed o sc il lo g ra p h y  
s ince  o therw ise the  norm ally  long p e r io d s  when th e  spot 
i s  s ta t io n a r y  would cause in te n s e  l i g h t  to  be produced 
a t one p o in t  w ith  consequent g en e ra l i l lu m in a t io n ,  lack  
of c o n t r a s t ,  and damage to  th e  sc reen . I f  the  timebase 
and m odulation p u lse  are i n i t i a t e d  s im ultaneously  then  
th e re  i s  an in h e re n t de lay , t y p i c a l l y  about 0.005 p. sec, 
befo re  the  t r a c e  comes up to  th e  d e s ire d  b r ig h tn e s s .
The e f f e c t  o f such m odulation on focus should be small* 
B a r t l e t t  end D avies(201) a lso  d iscussed  the  d e f le c t io n  
arrangements w ith  p a r t i c u l a r  re fe re n c e  to  design fo r  
minimum in p u t cap ac itan ces  and le a d  inductances by b ring ing  
connections to  th e  d e f le c t io n  p la t e s  d i r e c t l y  out through 
s ide  arms in s te a d  of by long lead s  and base c o n ta c ts ,  small 
p la te  sep a ra tio n  and long p la t e  le n g th  to  o b ta in  h igh 
s e n s i t i v i t y  w ithout "shadowing" e f f e c t s ,  avoidance of 
t r a n s i t  time e f f e c t s ,  and m inimizing "orosstaJ^k" by 
sc reen ing  the  p a i r s  of X and Y p la t e s  from each o th e r  end 
by eq u a liz in g  the  p l a t e - to - e a r t h  impedances. Screen 
phosphors having a high r e s is ta n c e  to  e le c t ro n  burn , and
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g iv in g  a h ig h ly  a c t in i c  b lue  co lo u r  w ith  n e g l ig ib le  
a f te rg lo w  ( l e s s  than  1 p-sec) were recommended f o r  
h ig h -v o l ta g e  tubes and photographic  reco rd in g  of the  
t r a c e .
A d e s i ra b le  f e a tu re  o f  h igh-speed  (and o th e r)  
o sc i l lo g ra p h s  i s  sim ple c a l i b r a t i o n  f a c i l i t i e s .
C a l ib ra t io n  of the  v e r t i c a l  or Y -d e f le c t io n  i s  e a s i l y  
accomplished by m easuring, on a s u i ta b le  v o ltm e te r ,  the  
d i f fe re n c e  in  s h i f t  p o t e n t i a l s  corresponding  to  the  
movement of th e  d e s ire d  o rd in a te  through a chosen p o in t .  
Time c a l i b r a t i o n  i s  more d i f f i c u l t ,  and fo r  a r e p e t i t i v e  
tim ebase , i t  i s  n ecessa ry  a t l e a s t  to  shock e x c i te  a 
tuned c i r c u i t  of known frequency and sm all decrement 
r e p e t i t i v e l y  a lso ,  A co n tin u o u s ly  running  o s c i l l a t o r  
i s  never used due to  the  d i f f i c u l t y  o f  lock ing  to g e th e r  
the  c a l i b r a t i o n  frequency  and the  timebase r e p e t i t i o n  
frequency , B a r t l e t t  and D avies(201) considered  i t  
d i f f i c u l t  to  shock e x c i te  a tuned c i r c u i t  o r  produce 
time m arkers ( r e f l e c t i o n s  from a pu lsed  in te rm in a ted  l i n e )  
fo r  f req u en c ies  much above 10 Mo/s,
During th e  l a s t  decade a number of papers  have 
been pub lished(202 , 205, 208, 211) concern ing"the  reco rd in g  
of s in g le - s t r o k e  t r a n s i e n t s .  Compared w ith  r e p e t i t i v e
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t r a n s i e n t  d isp la y ,  the  techn ique  i s  very  s im i la r  except 
th a t  w r i t in g  speed and photography are  more ex a c tin g  
requ irem en ts , w hile  tim ebase design  (due t o  th e  long 
recovery  tim es p e rm is s ib le )  and c a l ib r a t i o n  o s c i l l a t o r s  
(which may be o f  th e  co n tin u o u s ly -ru n n in g  type) a re  
s im p le r .  In  th e  th re e  B r i t i s h  p a p e r s (202, 205, 211) 
the  cathode ray  tube employed was the  G,B,C, type 908 BCO 
having a f i n a l  anode a c c e le r a t in g  p o t e n t i a l  of lOkY. 
Maximum tim ebase speeds vary  from 1 microsecond (*4hite 208) 
to  10 m illim icroseconds(H ardy  211), t h i s  l a t t e r  f ig u re  
being about the  l i r a i t  f o r  the  cathode ray  tube even w ith  
s p e c ia l  a t t e n t io n  to  photographic  d e t a i l s .  R ohats(807), 
and Prime and R avenh ill(206) have d esc r ib ed  equipments 
which could be used f o r  s in g le - s t r o k e  or r e p e t i t i v e  
o p e ra t io n ,  th e  l a t t e r  equipment(206) using  a hydrogen 
th y ra t ro n  tim ebase having a minimum sweep tim e o f  100 
m ill im ic ro sec o n d s . In  a l l  th e se  p a p e rs ,  the  g en era l 
p r in c ip le s  as mentioned by B a r t l e t t  and Davies have been 
accepted vlx# a p u sh -p u ll  tim ebase , beam m odula tion , s h o r t  
le ad s  end low in p u t c a p a c i ta n c e s ,  and n e g l ig ib le  t r a c e  
j i t t e r  in  r e p e t i t i v e  c a se s .  ^
Timebase C i r c u i t s  fo r  h igh -speed  o s c i l lo g ra p h y  re q u ire
■C.p a r t i c u l a r  c o n s id e ra t io n .  The use  o f  h ig h -v o l ta g e  
o s c i l lo g ra p h  tu b e s ,  w ith  consequent low deflep'Jiion
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s e n s i t i v i t i e s ,  r e q u i r e s  tim ebase waveforms of la rg e  
am plitude, o f te n  as much as 1600 v o l t s  (800 v o l t s  
am plitude fo r  each phase o f  th e  balanced in p u t ) .
F u r th e r ,  o b ta in in g  a p u sh -p u ll  s ig n a l  o f ten  n e c e s s i t a t e s  
an In v e r t in g  a m p l i f ie r ,  and e i t h e r  t h i s  va lve  o r  th e  tim ebase 
g en e ra to r  va lve  i t s e l f  w i l l  c a r ry  a h igh q u ie sce n t c u r r e n t .  
The p u sh -p u ll waveforms should be c a r e f u l ly  b a lan ced , end 
although 5 to  10 p e r  cen t unbalance i s  p e rm is s ib le  w ith  
low v o lta g e  tim ebases , a b e t t e r  matching i s  d e s i r a b le  when 
th e  h o r iz o n ta l  and v e r t i c a l  d e f le c t io n  v o l ta g e s  a re  l a r g e (2 ) ,  
L in e a r i ty  i s  a most d e s i r a b le  f e a tu r e ,  f o r  a lthough  non- 
l i n e a r i t y  i s  t h e o r e t i c a l l y  t o l e r a b l e  when a c a l i b r a t i o n  
o s c i l l a t i o n  or marker i s  a v a i l a b l e ,  the  assumption of a 
l i n e a r  time-sweep a id s  th e  u n d ers tan d in g  o f o sc il lo g ram s 
very co n s id e ra b ly .
The requ irem en ts  no ted  in  th e  l a s t  paragraph  have been 
s a t i s f i e d  by se v e ra l  au th o rs  in  whole o r  in  p a r t .  B a r t l e t t  
end Davie6(201) d e sc r ib e  a sim ple ex p o n en tia l  tim ebase 
g en e ra to r  w ith  l i n e a r i z i n g  feedback fo llow ed by two v a lv es  
in  p a r a l l e l  w ith  s p l i t  anode and cathode lo a d s ,  th e  o u tp u ts  
be in g  taken  from th e  anode of one va lve  and the cathode of 
th e  o th e r  ( t h i s  does n o t g ive th e  o u tp u ts  equal impedances 
to  e a r th ,  bu t may be accep tab le  i f  the  ou tpu t impedances are 
both  low ). Prime and Saxe(214) used two M il le r  I n te g r a to r
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c i r c u i t s ,  one o f  which passed  a heavy c u r re n t  in  th e  
qu iescen t c o n d i t io n ,  t o  p rov ide  sim ultaneous "run-down" 
end "run-up" v o l ta g e s ;  in  t h i s  way a minimum sweep-time 
of 2 microseconds was o b ta in ed . M il le r  I n te g r a to r  and 
s im i la r  feedback tim ebases  have been f u l l y  considered  by 
B r ig g s (212), P u c k le (2 ) ,  and In  th e  books "Cathode Ray 
Tube D isp la y s " ( l )  and "Waveforms"(3) by the M .I.T . s t a f f .  
Timebases fo r  sh o rte r ;  sweep-tim es, bu t l e s s  (though 
adequately ) l i n e a r  t r a c e s ,  a re  m ainly  of th e  c a p a c i to r -  
d is c h a rg e - to -c h a rg e -a n o th e r -c a p a c i to r - th ro u g h - re s is te n c e  
type such as those  by ^ ^ i te (2 0 8 )  (using  a h a rd -v a lv e  sw itc h ) ,  
and by Prime and R avenh ill(206) (using  a hydrogen th y ra t ro n  
sw itch ) .  Hardy(211) uses  th e  same b a s ic  c i r c u i t  as Prime
and R a v e n h ill ,  bu t suggests  d i f f e r e n t  beam m odulation 
arrangem ents f o r  th e  h ig h e s t  speeds . The c i r c u i t s  o f  
Prime and Saxe, % i t e ,  Prime and R a v e n h i l l , and Hardy 
a l l  g ive  a h ig h -v o l ta g e  p u sh -p u ll  ou tpu t s u i ta b le  fo r  
5 to  10 kV o s c i l lo g ra p h  tu b e s .  For use w ith  a p o s t -  
d e f le o t io n - a c c d e r a t i o n  tube such a s  the  G.E.G. 1608 ABOA, 
Moody and McLusky(2l3) have employed in d u c tiv e  l i n e a r i z a t i o n  
and a paraphase c i r c u i t  to  g ive  250-vo lt waveforms as  
s h o r t  as 0 .1  microsecond.
The hydrogen th y ra t ro n  has been mentioned as 
a s u i t a b le  sw itch , bo th  i n  Impulse g e n e ra to r  and tim ebase
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c i r c u i t s ,  due to  th e  ex trem ely  h igh  r a t e - o f - r i s e  of 
c u r re n t  p o s s ib le  (750 A /  jxseo f o r  BT79) and f o r  the  high 
peak c u r r e n t  r a t in g  (35A f o r  BT79). guoh th srra tro n s  a re  
however r a t h e r  more c r i t i c a l  in  t h e i r  o p e ra t io n  than  
mercury vapour ty p e s ,  © sp ec ia lly  in  re g a rd  to  th e  t r ig g e r in g  
p u ls e ,  which should be of a t  l e a s t  260 v o l t s  am plitude from 
an impedance le a s  than  2000 ohms. Knight and Hooker(215)
• have desc rib ed  th e  main o p e ra t in g  c h a r a c t e r i s t i c s ,  w hile  
Germe3hausen in  a S e c t io n (8 .11) o f  th e  book "Puls® G e n e ra to rs" (4) 
g iv es  a more ccmpreheasiv© survey of t h e i r  p ro p e r t ie s #
Surge Phenomena and Impulse T e s t in g , e t c #
A la rg e  number of papers  have been w r i t t e n  on su rges  
in  t ran s fo rm er  w ind ings, and the  s e c t io n  of c h ap te r  10 
(B ib liography) concerned w ith  t h i s  s u b je c t  l i s t s  o n ly  th e  
more c l a s s i c a l  o r  n o ta b le  p ap e rs .  Of th e se ,  a r e p r e s e n ta t iv e  
s e le c t io n  w i l l  be con s id e red  in  t h i s  p re s e n t  su rvey , s in ce  
few o f  th e  p ap e rs  r e f e r  d i r e c t l y  to  r e c u r re n t - s u rg e  t e s t i n g ;  
n e v e r th e le s s ,  th e  p r in c i p l e s  behind h ig h -v o l ta g e  impulse 
t e s t i n g  of w indings are  eq u a lly  a p p l ic a b le  in  most case s  
to  low -vo ltage  r e p e t i t i v e  t e s t i n g .
The i n i t i a l  d i s t r i b u t i o n  of p o t e n t i a l  due to  
c a p a c ita n c e s  between tu r n s ,  c o i l s  and c o r e , the subsequent
V -
o s c i l l a t i o n s ,  and the f i n a l  o r dying-away d i s t r i b u t i o n  in  a ,
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winding su b jec ted  to  impulse waveforms, was d escribed  
in  f u l l  d e t a i l  by Weed(327) as e a r ly  as  1915. The 
e x te n s iv e  p r a c t i c a l  a p p l ic a t io n  o f such p r in c i p le s  d id  
not develop u n t i l  th e  l a t e  n i n e t e e n - t h i r t i e s  l a r g e ly  
due to  th e  la c k  of s u i t a b le  impulse g e n e ra to rs  and h ig h ­
speed o s c i l lo g ra p h ic  equipment. Over th e  y ea rs ,  q u a l i t a t i v e  
unders tand ing  developed, and a f a i r  amount o f  work on 
surge p re v e n t io n ,  o r  winding p r o te c t io n ,  was undertaken  
as in s ta n c e d  by papers  from Weed(317) in  1921 and N o r r i s (311) 
in  1935.
The no re  modern advances m d q u a n t i t a t iv e  approach 
were h e ra ld ed  by F oust, Kuehui and Rohats(306) (U .S.A .) 
in  1932, and by A llib o n e , Hawley and P e r r y (301) ( 0 t .  B r i t a in )  
in  1934. By q u a n t i t a t iv e  approach i s  meant sim ply th e  
knowledge of the  am plitude and c h a r a c t e r i s t i c s  o f  the 
waveform used fo r  t e s t i n g ,  and no t a comparison between 
p r a c t i c a l  and t h e o r e t i c a l  in v e s t ig a t io n s ;  h i t h e r t o ,  t e s t in g  
w ith  im pulse p la n t  had been unaccompanied by o s c i l lo g ra p h ic  
o b se rv a tio n  and th e  e f f e c t  o f  v a r io u s  t e s t  lo a d in g s  on 
wave shape had no t been f u l l y  appr eo i  a ted  ( 301 ) .
In  1935 and 1936, A llibone and P e r r y (302, 303) v i r t u a l l y  
campaigned fo r  some s ta n d a rd iz a t io n  in  impulse t e s t  methods 
as ap p lied  to  tra n s fo rm e rs ,  g e n e ra to rs  and in s u l a t o r s ,  and 
fo r  some s ta n d a rd  forms of t e s t  waveform. This l a t t e r
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p o in t  d id  achieve i n t e r n a t io n a l  a p p ro v a l ,  a t  l e a s t  
in  the  method o f s p e c ify in g  the  wave shape, and th e  
1/50 and 1 /5  impulse waveforms have been used 
e x te n s iv e ly  s in c e .  Other f e a tu re s  re q u ir in g  s tandard  
p r a c t ic e  inc luded  th e  p o l a r i t y  o f th e  t e s t  wave, c i r c u i t  
aperiod ic  i t y , f a t i g u e  t e s t s ,  cascad ing  ( i n s u l a t o r s ) ,  
and tra n s fo rm e r  winding connec tio n s .
A most comprehensive paper was p resen ted  in  1937 
by A llib o n e , McKenzie and P e r r y (318), and provoked an 
equally- cos^rehensiv©  d is c u s s io n .  The au thors  surveyed 
th e  th e o r e t i c a l  t re a tm e n t  of th e  e f f e c t s  of im pulse 
waves on w ind ings, assuming th e  ap p lied  wave f i r s t l y  
as o f  u n i t  impulse form and then as o f  th e  s tan d a rd  
d o u b le -ex p o n en tia l form. The e f f e c t  of winding 
r e s i s t a n c e  in  in tro d u c in g  a dajo^ing f a c t o r  t e  a lso  
b r i e f l y  co n s id e red . I n i t i a l  and subsequent v o ltag e  
d i s t r i b u t i o n s ,  and the  e f f e c t s  of w ave-fron t and wave- 
t a i l  d u ra t io n s  were a lso  d e a l t  w ith ;  and in  a d d i t io n  
remarks concern ing  th e  fo llow ing  f e a tu re s  o f impulse 
t e s t i n g :  removal of tra n s fo rm e r  from i t s  ta n k ,
ad d it io n  of a s e r i e s  of c a p a c i ta n c e s ,  e a r th in g  through 
impedance, apply ing  imPulaes to  both  ends of th e  winding 
s im u ltan eo u s ly , d i s c o n t in u i t i e s  a t  tap-changing  p o in t s ,  
r e - in f o r c e d  c o i l s  and s t a t i c  end r in g s .  T es t in g  p ra c t ic e
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fo r  th re e -p h a se  tra n s fo rm e rs  i s  a lso  g iven .
Thomas(316) d isc u sse d  in s u la t io n  s t r e s s e s  in  t ra n s fo rm e rs ,  
the  use o f a c a lc u la t in g  hoard ( s e t t i n g  up an eq u iv a len t 
s im p l i f ie d  network to  re p re s e n t  c o i l - t o - c o i l  and c o i l - t o -  
©arth c a p a c ita n c e s )  and in  p a r t i c u l a r  "n o n -reso n a tin g "  
t ra n s fo rm e rs  w ith  e l e c t r o s t a t i c  s h ie ld in g .  Comparison of 
h ig h -v o lta g e  and R .3 .0 .  t e s t s  on s h ie ld e d  w indings showed 
f • good agreem ent.
. . .  A paper by Foust and Hohats(307) in  1940 surveyed 
American developments in  Impulse V oltage T e s t in g ,  g iv in g  
the  l a t e s t  form of t h e i r  E le c t r i c - T r a n s ie n t  to a ly z e r  ( R .3 .0 . ) ,  
and also d e t a i l i n g  some o f  th e  tech n iq u es  employed in  
h i ^ - v o l t a g e  work, e s p e c ia l ly  in  reg ard  to e a r th in g  and 
o b ta in in g  smooth impulse waves w ith  f r o n t  d u ra t io n s  as low 
as 0 .02  m icrosecond. R eference has been made p re v io u s ly  
to  the  d i f f i c u l t y  of reco rd in g  v o lta g e s  between tapp ings  
on a winding due to  th e  c o n s id e ra b le  asymmetry o f  th e  
p o te n t i a l  ap p l ie d  to  th e  o s c i l lo g ra p h  p l a t e s ,  and to  overcome 
t h i s ,  Foust and Hohats devised  a S u b tra c t iv e  V o lta g e -d iv id e r  
which e s s e n t i a l l y  d iv ided  th e  tap p in g  p o t e n t i a l s  (w ith  
r e s p e c t  to  e a r t h ) ,  in v e r te d  one o f  them in  an a m p lif ie r  s ta g e ,  
and added them so th a t  the  r e s u l t a n t  (w ith r e s p e c t  to  e a r th )  
could be ap p lied  to  th e  o s c i l lo g ra p h  p l a t e s  i n  much th e  same 
way as f o r  s in g le  t a p - t o - e a r t h  re c o rd in g .
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Hagenguth(319) and S tew a rt and Holcomb(315) in  
1944 and 1945 r e s p e c t iv e ly  d e sc r ib ed  an i n t e r e s t i n g  
method of f a u l t  d e te c t io n .  This i s  known as th e  N eutral 
C urren t Method, and in  p r a c t i c e  th e  p o t e n t i a l  ac ro ss  
a r e s i s t a n c e  connected between th e  " n e u tra l  end" of th e  
winding and e a r th  i s  reco rd ed . D iffe ren ces  in  wave 
shape between th e  u n fa u lte d  winding o sc il lo g ram  and an 
o sc il lo g ram  taken  w ith  only  one shorted  tu rn  are  s t a t e d  
to  be d i s c e r n ib le .  For l a r g e r  f a i l u r e s  o r f o r  sh o rted  
coupled tu rn s  th e  d i f fe re n c e s  may be even more pronounced* 
Nippon and H iokling(313) (G t. B r i t a in )  p re sen ted  
the  f i r s t  paper on th e  N eu tra l  C u rren t Method in  t h i s  
coun try  in  1949. The b a s is  o f  th e  method i s  th e  
dem agnetiza tion , by s h o r t - c i r c u i t e d  tu r n s ,  o f th e  main 
core f lu x  s e t  up by impulse v o l ta g e .  The s h o r t - c i r c u i t e d  
tu rn  or c o i l  produces an e f f e c t  eq u iv a le n t to  a s u b s t a n t i a l  
re d u c t io n  in  in d u c tan ce , and the  in d u c tiv e  c u r re n t  t h r o u ^  
the  winding i s  th e re fo r e  in c re ase d . T h e o re t ic a l ly ,  th e  
method does no t app ly  to  chopped waves s ince  j E .d t  (which 
i s  p ro p o r t io n a l  to  th e  in d u c tiv e  c u r re n t  in  th e  w inding i f  
S i s  the  peak im pulse v o lta g e )  i s  ze ro  from th e  in s t a n t  
o f chop onwards, when f a u l t s  a re  most l i k e l y  to  occur* 
Rlppon and E lc k lln g  g ive  a v a r i e ty  of t e s t  c i r c u i t s  and 
methods of a p p l ic a t io n ^  in c lu d in g  th e  use o f att R.S.O. vrhen
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e a r th in g  r e s i s t a n c e s  on th e  two phases  (o f  a th re e -p h a se  
tran s fo rm er)  no t be ing  im m ediately  in v e s t ig a te d  may be 
d ispensed  w ith ,  so g iv in g  in c re a se d  s e n s i t i v i t y  of f a u l t  
in d ic a t io n  in  many c a se s .
Papers  r e l a t i n g  t o  impulse t e s t i n g  of machine 
windings are  few, th e  two main ones by F r ie d ia n d e r (3 2 2 ) , 
and by Robinson(314) r e f e r r i n g  to  h ig h -v o l ta g e  a l t e r n a t o r  
w indings. . The o th e r  r o t a t i n g  machines most prone to  the 
e f f e c t s  of l i g h tn in g  su rges  are  p robab ly  series-w ound m otors 
f o r  ra i lw a y  t r a c t i o n  where overhead conducto rs  a re  used f o r  
power supply  to  th e  lo com otives . O therw ise, s e v e ra l  more 
t h e o r e t i c a l  p ap e rs  such as those  by Bewley, Hagenguth and 
Jack so n (3 2 0 ), and Hudenberg{325, 326) d ea l w ith  su rg es  and 
o s c i l l a t i o n s  in  w indings gen era lly *
A comprehensive t r e a t i s e  on tra n s fo rm e r  h ig h -freq u en cy  
t r a n s i e n t s ,  recogn ised  as a r e fe re n c e  work f o r  a number o f  
y ea rs  ( f i r s t  e d i t i o n ) ,  i è  P a r t  Two of a book by H ew ley(5), 
who has been re s p o n s ib le  f o r  numerous p ap ers  on t r a n s i e n t  
phenomena. A d e ta i l e d  survey o f re s e a rc h  on phenomena 
a s so c ia te d  w ith  l ig h tn in g  p a r t i c u l a r l y ,  end many h ig h -v o l ta g e  
measurement te c h n iq u e s ,  i s  con ta ined  in  th e  book on "Surge 
Phenomena"(7) p ub lished  in  1941 by th e  E.H.A.
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Chapter 3 
The P re se n t  Approaches
The o r ig i n a l  s p e c i f i c a t io n s  f o r  a R.S.O. were drawn 
up as a r e s u l t  of th e  p rev io u s  work o f  W ilk inson(110), 
Rohats(103, 104) Scoles(105) and ^^Jhite(108). One of 
the  f i r s t  d e c is io n s  was th e  choice of cathode ra y  tu b e , 
fo r  t h i s  would a f f e c t  the  re q u ire d  time sweep am plitude.
Of fo u r  ty p e s ,  the  S.T.G. 40Ô3YB tube was s e le c te d ,  th i s  
re q u ir in g  a 5kV a c c e le r a t in g  p o te n t i a l  and having two 
side  arms so p ro v id in g  a v e ry  low inpu t cap ac itan ce  to  
the  Y -p la te s ;  fu r th e rm o re , W hite(108) of th e  K.H.A. had 
used t h i s  tu b e . Otherwise th e  s p e c i f i c a t io n s  c a l le d  fo r  
a p u sh -p u ll  tim ebase having tim e-sweeps in  th e  range 1 to  
200 m icroseconds, a c a l ib r a t i o n  o s c i l l a t o r ,  and an impulse 
g e n e ra to r  producing n eg a tiv e -g o in g  (and p o s i t iv e -g o in g  i f  
p o s s ib le )  wave shapes v a r ia b le  a t  l e a s t  w i th in  the  l i m i t s  o f 
the  most s ta n d a rd  1 /5  and 1/50 forms. Beam m odulation was 
a h ig h ly  d e s i r a b le  f e a t u r e .  Chopping o f  th e  n e g a tiv e -g o in g  
(and p o s i t iv e -g o in g )  impulse waves over a wide range of 
t a i l  am plitudes was a lso  r e q u ire d .
As a r e s u l t ,  th e  o p e ra t io n s  as shown in  th e  b lock  
diagram (F ig . 3 .1 ) were n ecessa ry  as an ab so lu te  minimum, 
and on t h i s  b a s i s ,  p ro to ty p e  c i r c u i t s  were developed and b u i l t  
in to  a DIJION framework. This p a r t i c u l a r  design  In  the
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DEZION framework (known h e r e a f t e r  as Model "A") served as 
an experim enta l assembly of th e  complete appara tus  and much 
u s e fu l  in fo rm a tio n  was ga in ed , e s p e c ia l ly  in  r e s p e c t  of 
s t r a y  n -g n e t ic  f i e l d s  in  the  v i c i n i t y  of the cathode ra y  
tu b e . P r a c t i c a l l y ,  however, i t  was never very  s a t i s f a c t o r y ,  
due to  the  la c k  of f in e  focus o f th e  s p o t ,  and severe  
as tigm atism  d e s p i te  th e  in c lu s io n  of c o r re c t in g  c i r c u i t s .  
Consequently , i t  was decided to  b u i ld  an in s trum en t in  
f in is h e d  form, using  c h a s s is  f i t t i n g  a s tan d a rd  ra c k .  This 
new d es ig n  employed a G.K.G. 908 BCG tube re q u ir in g  lOkT 
a c c e le r a t in g  p o t e n t i a l ;  th e  d e f le c t io n  s e n s i t i v i t i e s  were 
th e re fo re  lower end a new tim ebase design  was re q u ire d .  The 
main f e a tu re s  o f th e  equipment (known h e r e a f t e r  as Model "B") 
were th e  same as b e fo re ,  b u t many minor improvements to  
f a c i l i t a t e  o p e ra t io n  end g ive  a f i r s t - c l a s s  o s c i l lo g ra p h ic  
d is p la y  were in c o rp o ra te d .
S ince the  b lock diagram of F ig . 3 .1  a p p l ie s  e q u a l ly  w e ll  
to  Models "A" and "B", th e  sequence of o p e ra t io n s  w i l l  now 
be d esc r ib ed . I t  was decided to  use an impulse g e n e ra to r  
c i r c u i t  in  which a c a p a c i to r  charged up during  the  long 
in te r - im p u lse  p e r io d  and th en  was d ischarged  through a 
shaping network, r a th e r  than  by waveshaping a cos in e  form 
Impulse as was done by W ilk in so n ( llO ) . For â  50 c / s  
r e p e t i t i o n  frequency , which was accepted as  most co n ven ien t.
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t h i s  meant u s in g  a r e c t i f i e r  d iode to  allow  the  charglng  
of a ompaoitor during  th e  p o s i t i v e  h a l f - c y o le s  o f  th e  
supply , and to  cu t o f f  th e  c e p e e l to r  from th e  supply  
during  the  n e g r t iv e  h a l f - c y c le s  during  which t r ig g e r in g  
of the  impulse g e n e ra to r  th y ra t ro n  to  produce an impulse 
waveform would take  p la ce  (Fla# 3 .2 ) .  In  view of th e  
r e l a t i v e  powers Involved , i t  i s  much b e t t e r  to  p h a s e - s h l f t  
th e  t r ig g e r in g  waveforms fo r  impulse g e n e ra to r  and timebase
J r e l a t i v e  to  th e  impulse g e n e ra to r  charg ing  supply  than  
*• v ic e -v e r s a .  The f i r s t  b lock  o f  F ig . 3 .1  th e re fo re  
r e p re s e n ts  a p h a s e - s h i f t  c i r c u i t  g iv in g  an ou tpu t o f  
about 60 v o l t s  R.M.S. s h i f te d  through ang les  o f 90^ to  180^ 
from th e  in p u t .  The p o s i t iv e -g o in g  h a l f - c y c le s  o f  th is  
p h a s e - s h if te d  s ig n a l  f i r e  a th y ra t ro n  t r i g g e r  g e n e ra to r  
which produces very  sharp p o s i t i v e -  o r  n eg a tiv e -g o in g  " p ip s ” 
to  tim e the  Impulse g e n e ra to r  o r  tim ebase o p e ra t io n .  The
impulse g e n e ra to r  has a lre a d y  been d esc r ib ed  b r i e f l y ;  chopping 
arrangem ents f o r  p o s i t iv e  and n eg a tiv e  waves r e q u ire  s e p a ra te  
c i r c u i t s ,  which were s im i la r  in  o p e ra t io n  to  t h a t  o f S o c le s (105) 
i . e .  t i i e  to  chop was c o n t ro l le d  by an in t e g r a t in g  c i r c u i t  
w ith  a v a r ia b le  elem ent.
Many t r ig g e re d  tim ebase c i r c u i t s  r e q u ire  e x te rn a l  
" g a t in g " ,  and a n ecessa ry  p r e - r e q u i s i t e  to  th e  tim ebase 
c i r c u i t  p ro p er  i s  th e re fo re  a  m onostable m u l t iv ib r a to r  ( f l i p -
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f lo p )  to  g en e ra te  a "g a tin g "  p u lse  of d u ra t io n  a t  l e a s t  
as long as the  lo n g e s t  tim e-sweep. The "p ip s"  from the 
th y ra t ro n  t r i g g e r  g e n e ra to r  i n i t i a t e  t h i s  m u l t iv ib r a to r  
which i s  fo llow ed by a cathode fo llo w e r  c i r c u i t  to  g ive 
s t a b i l i t y ,  and reduce in t e r a c t i o n  between th e  d r iv en  
c i r c u i t s .  ' In  Model "A", th e  push p u l l  time-sweep was 
provided by a F i l l e r  I n t e g r a t o r ! 212) and an in v e r to r  
s tage working as a ca thode-coupled  see-saw c i r c u i t ;  in  
Model "B" th e  time-sweep was o b ta ined  from th e  s p l i t  anode 
and cathode lo ad s  o f  a b o o ts tra p  c i r c u i t (2 , 3 ) .  The 
c a l ib r a t i o n  o s c i l l a t o r  i s  a lso  "ga ted "  by t h i s  same p u ls e ,  
and th e  o s c i l l a t i o n ,  which in  a l l  c i r c u i t s  used could be 
ad ju s ted  to  g ive  co n s tan t am plitude , l a s t s  a t  l e a s t  as 
long S3 the  lo n g e s t  tim e-sweep.
V arious au th o rs  have derived  a beam b r ig h te n in g  p u lse  
from the  tim ebase c i r c u i t ,  and t h i s  may be simple and 
convenient f o r  some c a se s ;  however, i t  la c k s  f l e x i b i l i t y  in  
th a t  th e  p u lse  am plitude , and e s p e c ia l ly  th e  p u lse  d u ra t io n  
which may be re q u ire d  to  be l e s s  th a n  th e  tim e-sw eep, a re
not g e n e ra l ly  independen tly  c o n t r o l l a b l e .  A s a t i s f a c t o r y
«
arrangement i s  to  t r i g g e r  a m onostable m u l t iv ib r a to r  (having 
stepped  or co n tin u o u s ly  v a r ia b le  c o n t ro l  o f p u lse  d u ra tio n )
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which e x i s t s  p u rp o se ly  f o r  g e n e ra t in g  a beam b r ig h te n in g  
p u lse  (See F ig , 3*1)•
A f u r th e r  f e a tu r e  which i s  not in d ic a te d  in  the  
b lock  diagram i s  Impulse Delay. This f a c i l i t y  i s  most 
d e s i r a b le  as the  f r o n t  o f  the  Impulse wave would o therw ise  
s t a r t  roughly  c o in c id e n t  w ith  th e  time-sweep (o r e a r l i e r  
in  cases  o f In h e ren t de lay  of th e  tlm ebase t r i g g e r in g  
^pip^ as occur in  c e r t a in  c o m rs rc ia l ly  made o s c i l lo g r a p h s ) |  
a lso  i t  may be d e s ire d  to  s h i f t  the  i n t e r e s t i n g  phenomena 
c l e a r  o f th e  i n i t i a l  spot h a l a t i o n ,  i f  any. In  Eodehl 
such d e lay  was accomplished u s in g  an in t e g r a t in g  network 
w ith  a v a r ia b le  element ( t h i s  may a lso  a f f e c t  the  am plitude 
of th e  t r ig g e r in g  "pip^ however), and in  Itodel by a 
m u l t ip le - ta p p e d  d e lay  l i n e  fo llow ed by d e la y e d - t r ig g e r  
g e n e ra to r  to  g ive  s t a b i l i t y  and a lower ou tpu t impedance 
than  was a v a i la b le  from th e  d e lay  l i n e  i t s e l f #
I t  w i l l  be a p p re c ia te d  t h a t  in  th e  simple b lock  
diagram shown, j i t t e r  in  th e  th y ra t ro n  t r i g g e r  g en e ra to r  
s ta g e  i s  un im portan t, end th a t  th e  impulse g e n e ra to r  sw itch  
valve I t s e l f  i s  the  in h e re n t  source of j i t t e r  t r o u b le ,  s in ce  
th y ra t ro n s  a re  norm ally  used in  t h i s  purpose. J i t t e r  from 
hard  valve c i r c u i t s  i s  n e g l ig ib le .
F i ^  ■ k - .  1 .  ^ ^ n w e i n t a l  3 e t \ c l v  L c W o u F .
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Chapter 4
C i r c u i t  Design and Arrangement -  Model ”A**
Experim ental c i r c u i t s  ware c o n s tru c te d  bn sm all c h a s s is ,  
te m p o ra r i ly  w ired  to g e th e r ,  and su p p lied  from s tan d a rd  
la b o ra to ry  power packs (Fig# 4 .1)*  Under such c ircu m stan ces , 
a la b o ra to ry  o s c i l lo g ra p h  was used f o r  d is p la y  of waveforms, 
bu t i t  must be p o in ted  out th a t  many such o s c i l lo g ra p h s  have 
a l im ite d  w r i t in g  speed, and minimum sweep-tim es of the  
o rder of te n s  o f  microseconds; fo r  th e  exam ination of a 
r e p e t i t i v e  1/50 wave they  are  q u i te  s u i t a b le ,  bu t do n o t g ive 
a very  f in e  t r a c e  no r are  they  n e c e s s a r i ly  amenable to  
e x te rn a l  beam modulation#
F ig . 4 .2  shows Model "A’* com pleted. -There are  th re e  
l e v e l s ,  th e  low er one ecoormodating th e  instrumentas own power 
su p p l ie s ;  the  middle one the  p h a s e - s h i f t ,  t r i g g e r in g ,  
impulse and chopping c i r c u i t s  on one s id e ,  th e  cathode ra y  
tube in  a g a lv a u iz e d - i ro n  box in  th e  c e n t r e ,  and th e  tlm ebase , 
m odulation  and c a l i b r a t i o n  o s c i l l a t o r  c i r c u i t s  on the  f a r  
s id e ;  and th e  top l e v e l  c a r ry in g  an a d d i t io n a l  power pack#
Two accum ulators on a b a k e l l t e  board p rov ide  the  cathode 
ray  tube h e a te r  supply  te m p o ra r i ly ,  in  th e  absence o f a 
h e a te r  tran s fo rm er  w ith  s u i t a b le  winding in s u la t io n .
The main c i r c u i t s  f o r  Modelai a re  shown in  F ig . 4 .3 .
They w i l l  be d esc rib ed  v ery  b r i e f l y  as c o n s id e ra b le
o-lkV•fscsOV .
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improvement3 were e f fe c te d  in  Model bu t n e v e r th e le s s
as an in t ro d u c t io n  to  the  techn ique  th ey  a re  in te re s t in g *
The î h a c e - s h i f t  C i r c u i t  i s  a well-known arrangement 
(see Preference 3 | s e c t io n  4*13), which in  th e o ry  a f fo rd s  
a co n s tan t v o ltag e  ou tpu t w ith  no lo ad in g  and p ro v id es  
a p h a s e - s h i f t  between 0^ and 180^* A change-over sw itch  
f a c i l i t a t e s  phase in v e rs io n  should tran s fo rm er  connections 
cause the  v a r i a b i l i t y  to  be between 180^ and 360^* Once 
s e t  to  the  d e s i re d  p h a s e - s h i f t  by the  p r e - s e t  20-k2 v a r ia b le  
r e s i s t o r ,  no f u r t h e r  c i l ta ra t io n  i s  requ ired*
The T r ig g e r  G enerator uses m  e r g o n - f i l l e d  GTlC 
th y ra t ro n ,  which i s  f i r o d  by the  p o s i t iv e -g o in g  s in u so id  
on the  g r id  so d isch a rg in g  th e  2000 pF c a p a c i to r  p re v io u s ly  
charged from th e  D*C* supply* The capacitor d ischarge  
r a t e  i s  l im i te d  by two s e r i e s  r e s i s t o r s ,  from across  which 
are  ob ta ined  p o s i t i v e -  and n eg a tiv e -g o in g  t r ig g e r in g  **pips^* 
During th e  l a t t e r  p a r t  o f  t h i s  c a p a c i to r  d isch a rg e  th e  
c u r re n t  through the  th y ra t ro n  i s  so sm all th a t  d e io n is a t io n  
of the gas f i l l i n g  ta k e s  p la ce  i f  the  g r id  v o ltag e  goes 
n e g a t iv e .  The c a p a c i to r  rech arg es  and the  cycle  r e p e a ts  
approxim qtsly  20 m il l ise c o n d s  l a t e r  in  th e  5 0 -c /e  r e p e t i t i o n  
c a se .  (I
The p o s i t iv e -g o in g  t r i g g e r  from "the cathode of
th e  th y ra t ro n  t r i g g e r  g e n e ra to r  i s  in te g r a te d ,  i . e .  has the
40
sharp i n i t i a l  r i s e  rounded o f f ,  so th a t  by vary ing  t h i s  
degree o f rounding o f f  by th e  100 - kQ v a r ia b le  r e s i s t o r ,  
the in s ta n t  a t  which the  c r i t i c a l  g r id  p o t e n t i a l  of the  
impulse g e n e ra to r  th y ra t ro n  i s  a t ta in e d  may be v a r ie d .
The Impulse G enerator s ta g e  i s  shown In diagrammatic 
form only ; as drawn in  F ig . 4 .3  only  n eg a tiv e  im pulses 
could be produced; but i f  th e  r ig h t-h a n d  s id e  o f  i s  
e a r th e d ,  and th e  tc-network c o n s is t in g  of %  and Og 
inc luded  in  th e  cathode c i r c u i t  o f  th e  th y ra t ro n ,  by 
means of s u i ta b le  sw itch in g , then  reasonab le  p o s i t iv e  
im pulses may a lso  be produced. In  e i t h e r  case  charges 
v ia  H and during  p o s i t iv e  h a l f - c y c le s  of the  supp ly , and 
d isc h a rg e s  through th e  % -netw ork when the  th y ra t ro n  I s  
f i r e d .  Cg, R%, Rg, th e  param eters  o f th e  wave-shaping
c i r c u i t ,  may each be v a r ie d  in  s te p s ;  continuous 
v a r i a b i l i t y  o f  R^ and /o r  Rg i s  not p o s s ib le  because of 
th e  inductance  a s so c ia te d  w ith  s u i ta b le  h igh w attage 
components, and s e r i e s  o f  com position r e s i s t o r s  are  used 
in s te a d .
The n eg a tiv e  t r i g g e r  ’*pip’^  from the  th y ra t ro n  t r i g g e r
g e n e ra to r  a c tu a te s  the anodfe-to-grid coupled monostable
m u l t iv ib r a to r  to  g iv e  e tim ebase "ga ting^  p u ls e .  N egative
«p u lse s  from th e  cathode fo llo w er  s tag e  tu rn  on the  
c a l ib r a t i o n  o s c i l l a t o r  as w ell as the time-sweep* The 
f i r s t  va lve  of th e  tim ebase p roper  conducts on ly  s l i g h t l y
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du ring  q u ie scen t p e r io d s ,  s in c e  th e  g r id  i s  a t  a low 
p o te n t i a l  due to  heavy conduction  by the  p rev ious  double- 
t r i o d e .  A n eg a tiv e  '^ g a t i n g p u l s e  tu rn s  o f f  t h i s  double- 
t r i o d e ,  and a la rg e  p o s i t i v e  p u lse  i s  a p p lied  to  the  g r id  
o f  the M il le r  I n te g r a to r  v a lv e . A ty p ic a l  run-down*^ then  
occurs and i s  a p p lied  to  the  only d if f e re n c e  from o th e r  
M il le r  I n te g r a to r  c i r c u i t s  being perhaps the  e f f e c t  o f  th e  
common cathode r e s i s t o r  which in tro d u c e s  degenera tion  so 
th a t  a s l i g h t l y  l e s s  l i n e a r  forward s tro k e  may be expected  
than o the rw ise . The in v e r to r  s tag e  i s  coupled by th e  
cathode r e s i s t o r ,  and by a see-saw c i r c u i t  between th e  
valve anodes th u s  ensuring  symmetry o f the  p u sh -p u ll  o u tp u ts .  
Such a scheme i s  d esc r ib ed  in  Reference 3, s e c t io n  7 .11.
Although a c a l ib r a t io n  o s c i l l a t o r  and a beam 
m odulation c i r c u i t  were a v a i la b le  f o r  use w ith  Model "A", 
f i n a l  id eas  on th e se  d e t a i l s  were no t a t . t h e  time e s ta b l is h e d ,  
and the  development o f c a l ib r a t i o n  o s c i l l a t o r s  e s p e c ia l ly  
w i l l  be considered  in  th e  nex t c h a p te r .
The chopping c i r c u i t s  are  shown s e p a ra te ly  in  F ig . 4 .5 ,  
The p o s i t iv e  impulse v e rs io n  uses a ty p ic a l  in te g r a t in g  
c i r c u i t  by which th e  ap p lied  wave i s  f u r th e r  rounded o f f  to  
delay  f i r i n g  o f  th e  chopping th y ra t ro n .  In  the  n eg a tiv e  
chopping c i r c u i t ,  th e  g r id  i s  i n i t i a l l y  b ia sed  n e g a t iv e ly  
w ith  re s p e c t  to  both anode and ca thode , and eh - in c id en t 
n eg a tiv e  wave ta k es  th e  cathode and g r id  eq u a lly  n eg a tiv e
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SO th a t  th e  th y r a t ro n  does n o t f i r e  Im m ediately; 
however th e  c a p a c i to r  s t a r t s  charg ing  and when th e  
c a p a c i to r  p o t e n t i a l  i s  s u f f i c i e n t  to  overcome the  
i n i t i a l  b i a s ,  th e  th y r a t r o n  f i r e s  and chopping ta k e s  
p lace#
r ■
## # #  
# #
. 5.1 VtPio oj- iVjodei 0
.Arrangement, and A dd itiona l Technique -  Model
F ig , 5 ,1  shows Model in  completed form. There 
are in  a l l  s ix  la rg e  c h a s s i s ,  and a sm all panel a t  the 
bottom which c a r r i e s  the  main sw itch  and th e  main fu z e s .
The c h a s s is  a re  housed in  an enclosed  reck  provided  w ith  
opening s id e  doors and a back door. The in t e r - c h a s s i s  
w ir ing  connections are made a t  the  back of each c h a s s is  
so f a c i l i t a t i n g  d isco n n ec tio n  b e fo re  withdrawing any 
p a r t i c u l a r  c h a s s is  f o r  exam ination; w ith  th e  excep tion  o f 
very  high p o t e n t i a l  le a d s  and le a d s  Carrying t r i g g e r  and 
p u lse  s ig n a ls  between c o -a x ia l  so c k e ts ,  m u l t i -c o re  cab les  
and connecto rs  are  used . The whole equipment i s  mounted 
on a heavy base w ith  c a s t e r s  so t h a t  i t  may be moved 
q u ic k ly  on any one l e v e l ,  bu t f o r  t r a n s p o t  over some 
d is ta n c e  in  a v e h ic le ,  say , i t  i s  u su a l to  remove a l l  
c h a s s is  from th e  rack .
The c h a s s is  a re  numbered from th e  to p ;
H o .l  -  Y -s h i f t  c a l ib r a t i o n
No,2 -  Cathode ra y  tu b e , tim ebase , c a l ib r a t i o n  
o s c i l l a t o r ,  beam m odulation
No.3 -  Impulse (and p u lse )  g e n e ra to r ,  and t r i g g e r  
g e n e ra to rs
n o .4 -  C a l ib ra t io n  o s c i l l a t o r  g a t in g  m u l t iv ib r a to r ;  
a d d i t io n a l  smoothing fo r  tim ebase H.T.
X/V
V
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-o ir
•. X
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Ko, 5 ~ High v o ltag e  povrer su p p lie s  
Ko, 6 -  Low v o ltag e  power su p p lie s  
(Ko,7 -  Switch p a n e l ) .
C hassis  K o,l co n ta in s  on ly  the Y -s h i f t  c a l ib r a t i o n  
v o ltm e te r ,  and i t s  a s so c ia te d  range sw itch w ith  s e r ie s  
r e s i s t o r s .  This Instrum ent measures the  D.C. s h i f t  
p o te n t i a l  between th e  T -p la te s  o f  the  C,R, tu b e , so th a t  a 
s e r i e s  of h o r iz o n ta l  l i n e s ,  recorded  on f i lm ,  and corresponding 
to  success ive  T - s h i f t  c o n tro l  p o s i t io n s ,  may be simply r e l a t e d  
to  a v e r t i c a l  v o ltag e  s c a le .
The second, t h i r d  and fo u r th  c h a s s is  c o n ta in  the  
c i r c u i t s  r e l a t i n g  to  the o s c i l lo g ra p h  and g en e ra t io n  of th e  
t e s t  p u lse s  or im pulses, f i g ,  5 ,2  shows the  b lock  diagram 
f o r  Model The im portan t f e a tu re  not included in
Model i s  the tim ing sequence f o r  th e  i n i t i a t i o n  o f  
C a l ib ra t io n  o s c i l l a t o r ,  tim ebase end beam m odulation , and 
impulse (o r  p u lse )  g e n e ra to r .  T rig g er  G enerator 
a c tu a te s  the  c a l ib r a t i o n  o s c i l l a t o r  ’*gate** m u l t iv ib r a to r  end 
hence th e  o s c i l l a t o r  i t s e l f  so th a t  th e  osc iH ation  can b u i ld  
up to  co n s tan t em plltude (tim e< 5 p,seo,) b e fo re  o th e r  c i r c u i t s  
fu n c tio n .  The n ecessa ry  d e lay  t i l l  the  nex t i n i t i a t i o n  i s  
e f fe c te d  by an a r t i f i c i a l  de lay  l i n e  u s in g  lumped c o n s ta n ts ,  
from a tapp ing  on t h i s  de lay  l i n e  i s  taken  a delayed t r i g g e r  
which i s  fed  v ia  a  cathode fo llo w e r  s tag e  to^ T rig g er G enerator 
••B” , A cathode fo llo w er  b u f f e r  s tag e  i s  n ecessa ry  here  as
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when the  t r i g g e r  g e n e ra to r  th y ra t ro n  f i r e s ,  a low impedance 
would o therw ise  be p re se n te d  a t  th e  de lay  l i n e  tap p in g  so 
u p s e t t in g  matching c o n d i t io n s ;  i n c id e n ta l ly ,  b ia s  c o n tro l  
on such a cathode fo l lo w e r  g iv e s  a very  f in e  c o n tro l  on the 
t r i g g e r in g  time o f  th e  fo llow ing  T rig g e r  G enera tor, The 
ou tpu t of T rig g er  G enerator a c tu a te s  th e  ’^ gate” m u l t i ­
v ib r a to r  f o r  th e  tim ebase and th e  beam b r ig h te n in g  m u l t i ­
v ib r a to r ;  a l t e r n a t i v e l y ,  beam b r ig h te n in g  may be i n i t i a t e d  
e a r l i e r  from th e  ou tpu t of T r ig g e r  G enerator g iv in g  
a small i n i t i a l  spot b u t  a g u aran tee  o f b r ig h te n in g  fo r  
th e  whole of th e  time-sweep ( in  p r a c t i c e  t h i s  no t 
norm ally  n e c e ssa ry  even on th e  f a s t e s t  sweeps). from a 
v a r ia b le  tap p in g  on th e  de lay  l i n e ,  a tim ing  s ig n a l  i s  fed  
v ia  a cathode fo l lo w e r  s ta g e ,  s im i la r  to  th a t  j u s t  d e sc r ib e d , 
to  T rigger  G enera tor which in  tu rn  f i r e s  the  impulse 
g e n e ra to r  th y r a t r o n ,  t h i s  l a s t  a c t io n  norm ally  being  th e  
t h i r d  d i s t i n c t  timed I n i t i a t i o n  o f  the  sequence.
In  Model ’’B’’ the p o s i t iv e  impulse ou tpu t (w ith  
a s so c ia te d  chopping c i r c u i t )  was d ispensed  w ith  s in ce  th e  
n eg a tiv e  impulse case  was more convenient from th e  c i r c u i t r y  
p o in t  o f view (the  impulse g e n e ra to r  th y ra t ro n  cathode could 
be sen i-perm anen tly  e a r th e d ) , and in  any case th e re  was no 
d i f fe re n c e  in  th e  u se fu l  in fo rm atio n  ob ta ined  bÿ using  the  
opp o s ite  p o l a r i t y  o f  wave w ith  l i n e a r  sy s t^ n s ,  A p u lse  
g e n e ra to r  f a c i l i t y  was added, p a r t l y  f o r  the p o s s ib le  study
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o f  r e f l e c t io n s  from cab le  te rm inations*  In s te a d  o f  
th e  four main components o f  the  impulse wave-shaping 
c i r c u i t ,  a pu lse-fo rm ing-netw ork  (o r  a r t i f i c i a l  l i n e )  w ith  
matching r e s i s ta n c e  was s u b s t i tu te d ,  A n eg a tiv e  l |-  microsecond 
p u lse  could be ob ta ined  from the  matching r e s i s t a n c e ,  o r  
by in s e r t in g  a r e s i s ta n c e  in  the  th y ra t ro n  cathode c i r c u i t  
a p o s i t iv e  p u lse  f o r  f u r th e r  squaring  and a m p li f ic a t io n  in  
a h a rd -v a lv e  a m p lif ie r  could be produced.
The f i f t h  c h a s s is  houses th e  h igh  v o ltag e  power 
supplies.. These ere two id e n t i c a l  s h i f t  power packs (one 
f o r  T - s h i f t ,  one fo r  X - s h l f t ) ,  th e  tim ebase E.T. supply  o f 
approxim ately  100mA a t  2kV, and th e  2 ,E ,T , power supply  f o r  
the  C.R* tube o f  2mA a t  lOkV, The h e a te r  tran s fo rm er
supplying  the  C,H, tube  h e a te r  r e q u i r e s  a winding In s u la te d  
f o r  lOkT and i s  a lso  inc luded  in  t h i s  c h a s s is .  There are  
no in te r lo c k s  a s so c ia te d  w ith  th e se  su p p lie s  and th e  sw itch ing  
sequence i s  l e f t  to  a competent o p e ra to r .
The s ix th  c h a s s is  c o n ta in s  sev e ra l  h e a te r  tran s fo rm ers ;
a b ia s  power pack w ith  neon s t a b i l i z e r  150 v o l t s ) |  a
g en e ra l E .T . power pack w ith  e le c t r o n ic  s t a b i l i z i n g  having
a maximum ou tpu t o f  3607, 75mA and g iv in g  v o lta g e  r e g u la t io n
b e t t e r  th an  lÿ  and a hum le v e l  b e t t e r  than  O^OS'f; an
b>a u x i l i a r y  H.T, power pack^ supply  60 to  80mA a t  4007} a 
tra n s fo rm e r  end p h a s e - s h l f t  c i r c u i t  f o r  t r ig g e r in g  purposes; 
and the high v o ltag e  A,C. supply  (lOOO to  1500 7) f o r  the
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cha rg ing  o f th e  im pulse g e n e ra to r .  The g e n e ra l  E.T# 
supp ly  has a v a lv e  d e la y  sw itch  g iv in g  45 seconds d e la y ,  
and th e  im pulse (o r  p u ls e )  g e n e ra to r  supp ly  a s im i la r  
dev ice  a f fo rd in g  a d e lay  o f 2 m in u te s ,  t h i s  l a t t e r  
arrangem ent to  p r o t e c t  th e  hydrogen th y r a t r o n  o f  th e  
impulse g e n e ra to r  from prem ature  a p p l ic a t io n  o f  H.T.
These de lay  c i r c u i t s  a re  n o t  meant to  be fo o lp ro o f  and 
th e  normal sw itch in g  sequence i s  determ ined  by th e  o p e ra to r .
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Chapter 6 
C i r c u i t  Design Model
A more d e ta i le d  trea tm en t o f C hassis  Nos. 2 to  6 
w i l l  now be given* C hassis  N o .l c o n ta in s  on ly  a l a rg e  
panel-m ounting 1500-0-1500T v o ltm e te r  w ith  m ir ro r  scale 
end a k n ife -ed g e  p o in t e r ,  so th a t  Y - s h i f t  p o t e n t i a l  
d i f f e re n c e s  may be a c c u ra te ly  measured; sw itch ing  of 
Various s e r i e s  r e s i s t o r  banks p e rm its  f u l l - s c a l e  d è f le c t io n s  
of o n e -h a l f ,  o n e -q u a r te r ,  o r  o n e - te n th  o f  the  normal value 
so t h a t  s h i f t  p o t e n t i a l s  about th e  c e n t re  o f  th e  C*R. tube 
face  may be even more c a r e f u l ly  determined* Panel No*7 
has channeling  behind i t  which c a r r i e s  the  240T 50 c / s  
supply  te rm in a l  b lock  and th e  main fu z e s ;  a l l  mains 
su p p lie s  f o r  power packs and tra n s fo rm e rs  th roughout the  
equipment e re  p ro te c te d  by th e se  fu zes  and c o n t ro l le d  by 
th e  Main Sv#itoh, bu t w ith  each in d iv id u a l  sw itched supply  
on C hassis  Nos* 5 and 6 th e re  a re  l i g h t e r  fu zes  fo r  normal 
p ro te c t io n *
C h a s s i s  N Q * 6 g
C hassis  No*6 c a r r i e s  th e  General Power Supply packs 
f o r  th e  equipment, c o n t ro l le d  by s ix  in d iv id u a l  sw itches  
each w ith  a p a i r  o f fu zes  and an in d ic a to r  lamp..
Fig* 6 .1  shows the  arrangement f o r  va lve  h e a te r  
supply* F ive t ra n s fo rm e rs  a re  mounted on C hassis  No* 6
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and most o f  th e  secondary w in d ii^ s  supply  th e  requ irem en ts  
on o th e r  c h a s s is  through I n te r n a t io n a l  O c ta l p lu g s  and 
socke ts  and m u l t i - c o re  c a b le s .  The s u p p l ie s  aa and gg a re  
used on C hass is  No,6 i t s e l f .  In  a d d i t io n  one tran s fo rm er 
i s  s i t u a te d  on C hassis  No,3 end one on C hass is  Ho.4 to  
supply s p e c ia l  (more re c e n t)  needs on th e se  c h a s s is  and 
a sw itched m ains supp ly  f o r  th e se  two ^external** tran s fo rm ers  
i s  fed  v ia  th e  p lug  and socket connections  denoted  by ST*
In  the  o r ig i n a l  design  i t  was co n s id e red  d e s i r a b le  to  keep 
bulky  end w eigh ty  a r t i c l e s  such as tra n s fo rm e rs  as low as 
p o s s ib le ,  and a lso  as f a r  as  p o s s ib le  from th e  C.B. tu b e ,  
so th a t  50 c / s  m agnetic f i e l d  e f f e c t s  on th e  tube  would be 
m inim ised. The seco n d a r ie s  f f ,  gg, hh, and j j , kk have 
s p e c ia l  in s u la t io n  f o r  p o t e n t i a l s  to  e a r th  o f 1 5kT, Heavy 
gauge w ir in g  i s  used fo r  h e a te r  supply  purposes in  o rd e r  to  
reduce l i n e  v o lt-d ro p *
Two s e p a r a te ly  sw itched s u p p l ie s  a re  shown in  F ig . 6 .2 ,  
The upper c i r c u i t  u ses  a co n v en tio n a l p h a s e - s h i f t in g  
arrangement so th a t  th e  t r i g g e r in g  sequence may occur 
c o r r e c t ly  w ith in  th e  n e g a t iv e  h a l f - c y c le  from the tra n s fo rm e r  
o f  th e  lo v e r  c i r c u i t ,  i . e ,  when th e  im pulse/pul.sa g e n e ra to r  
c i r c u i t  has been charged and th e  TÜ50B charg ing  r e c t i f i e r  
i s  cut o f f .  The supply to  the  t ra n s fo rm e r  f o r  th e  im p u lse / 
p u lse  g e n e ra to r  i s  c lo se d  by c o n ta c ts  in  a valve  d e la y
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sw itch  DLS15, th a t  I s  I f  th e  manual c o n t ro l  Bv^itch i s  
i t s e l f  a lre a d y  c lo se d . By a d ju s t in g  th e  va lue  o f th e  
r e s i s ta n c e  in  s e r i e s  w ith  th e  DLS15 hea ter#  the  sw itch ing  
de lay  may be v a r ie d  from about h n lf -a -m in u te  to  se v e ra l  
m inutes -  th e  d e s i re d  de lay  in  t h i s  case should be g r e a te r  
than  two m inu tes .
F ig . 6 .5  shows th e  B ias and A u x il ia ry  H.T. Power 
Packs# bo th  o f  which a re  q u i t e  co n v en tio n a l .  The Bias 
Power Pack has a TO 150/30 neon s t a b i l i z e r  to  a s s i s t  in  
m a in ta in in g  s ta b le  o p e ra t in g  p o in t s  bo th  in  h a rd  v a lv es  
and th y ra t ro n s ;  not a l l  the  H.T. power packs are 
s ta b i l iz e d #  and such su p p l ie s  are  used fo r  th e  l e s s  c r i t i c a l  
c i r c u i t  o p era tions#  o r  where f r o n t  p an e l manual c o n t ro ls  
may be q u ic k ly  r e - s e t .
The General H.T. Power Pack i s  shown in  F ig . 6 .4 .
The c i r c u i t  i s  t y p i c a l  o f  s e r ie s - v a lv e  s t a b i l i z e d  power 
pecks , w ith  a p a r a l l e l  feed  v ia  a 0 .1  c a p a c i to r  to  the  
g r id  of th e  277 to  g ive  in c re a se d  c o n t ro l  on hum (100 c / s )  
r e j e c t i o n .  A v a lv e  de lay  sw itch  DLS18 i s  incorpora ted#  
and a r e la y  c i r c u i t ,  which p ro v id es  a r t i f i c i a l  lo a d in g  to  
r e s t r i c t  the  E .T . v o lta g e  b e fo re  th e  normal load  i s  ap p lied  
and which c lo se s  the  in d ic a to r  lamp c i r c u i t  when th e  de lay  
sw itch  c loses#  i s  inc luded  as a d e s i r a b le  e x t r a .
C hassis  N o.5s
Two S h i f t  Power Packs a re  d e s i r a b le  so th a t  X and
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Y -p la te  a a t i -a s t ig m n tism  c i r c u i t s  may be independen tly  
a d ju s te d ,  and due to  th e  ap p re c ia b ly  d i f f e r e n t  d e f le c t io n  
s e n s i t i v i t i e s  fo r  each p a i r  o f d e f le c t io n  p l a t e s ,  one 
power pack i s  f o r  ZkJ and th e  o th e r  f o r  2kT. The a c tu a l  
s h i f t  and a n t i -a s t ig m a tism  c o n t ro ls  a re  mounted on 
C hass is  No.2, and s in c e  th e  a n t i -a s t ig m a t ism  c i r c u i t  
depends on v a ry in g  the  mean p o te n t i a l  o f th e  p a i r  o f  
d e f le c t io n  p l a t e s  w ith  r e s p e c t  to  e a r t h ,  th e  su p p l ie s  
from th e  S h i f t  Power Packs them selves must be •’f lo a t in g *  
or u n ea r th ed . F ig . 6 .5  shows th e  two power packs, half-w ave 
r e c t i f i c a t i o n  and r s s i s t e n c e - c a p a c i t a n c e  smoothing b e in g  
adequate in  view o f th e  sm all s tead y  c u r r e n ts  ta k en .
Three sw itched  su p p lie s  a re  shown in  Fig* 6 .6 .
F i r s t l y ,  a h e a te r  t ra n s fo rm e r  having h ig h ly  in s u la te d  
secondary w indings (one fo r  lOkT) s u p p l ie s  th e  4V. G.E. 
tu b s  h e a te r  and a l s o  th e  f i la m e n t o f  one o f  th e  E.H.T. 
r e c t i f i e r / d o u b l e r  v a lv e s ;  i f  th e  C.Ë. tube h e a te r  supply  
i s  n o t  *on*| then  only  a f r a c t i o n  o f  th e  f u l l  E.H.T. 
p o t e n t i a l  w i l l  be a p p lie d  to  th e  G.E. tu b e .  Secondly, 
a s tep -up  tran s fo rm er  feed s  th e  Cockroft-W altoa v o l ta g e -  
doub le r c i r c u i t  which p ro v id e s  the lOkV a c c e le r a t in g  
v o ltag e  f o r  th e  G.H. tu b e ,  a 60 M2 r e s i s t o r  a c t in g  simply 
as a b le e d e r  ac ro ss  th e  0 .1  c a p a c i to r .  T h ird ly ,  a 
co n v en tio n a l fu ll-w av e  r e c t i f i e r  c i r c u i t  g iv e s  a 100 mi,
2kT ou tpu t p r im a r i ly  f o r  Timebase H .T ., bu t sm all c u r re n ts
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a re  a lso  taken  by th e  t r i g g e r  g e n e ra to rs  and th e  p u lse  
a m p lif ie r  on Chassis Ko,3. The smoothihg of t h i s  h igh  
povver supply  i s  r a t h e r  more e la b o ra te  then  u su a l c o n s is t in g  
of a d o u b le -so c tio n  f i l t e r ,  # i t h  th e  chokes mounted on 
b a k e l i te  le g s  so es to  be e l e c t r i c a l l y  i s o la te d  from the  
c h a s s is ,  and the  f i n a l  c a p a c i to r  bank e f f e c t iv e ly  of 9 jLiF 
mounted s e p a ra te ly  on C hassis  Ko.4.
C hassis  n o .5 :
In  F ig . 6 .7 ,  th e  f i r s t  t r i g g e r  g e n e ra to r ,  the  delay  
l in e  from tap p in g s  on Tïhioh a re  taken  a p p ro p r ia te ly  timed 
”p ip s ’’ to  cathode fo llo w er  s ta g e s ,  and a f u r th e r  two 
t r i g g e r  g e n e ra to rs  a re  sh o ra . . The th re e  t r i g g e r  g e n e ra to rs  
are  almost i d e n t i c a l ,  and use a well-known arrangement 
a lread y  d esc r ib ed  f o r  Hodel Although la rg e  in  s i s e ,
the  BT19 mercury vapour th y ra t ro n s  have proved em inently  
s u i ta b le  e s p e c i a l ly  in  reg a rd  to  the  t r i g g e r  "pip** am plitudes 
o f  se v e ra l  hundred v o l t s  which may be genera ted  from both  
o f  the  s e r i e s  r e s i s t o r s  in  the  d isch arg e  c i r c u i t ;  a lso  the  
BT19 may be s l i g h t l y  more r e l i a b l e  th a n  th e  sm a lle r  GTIC*
The anode r e s i s t o r s  must be o f  h ig h  va lue  {4 to  6 IS  ) so 
th a t  a f t e r  the  d isch arg e  of th e  2000 pF c a p a c i to r s ,  th e  
th y ra t ro n  g r id  may re g a in  c o n tro l  due to  the  very  l im i te d  
s tan d in g  c u rre n t  s t i l l  flow ing to  e a r t h .  'The d isch a rg e  
c i r c u i t  r e s i s t o r s  a re  not c r i t i c a l  in  value except th a t  they
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must l im i t  tha  i n i t i a l  d isch e rg e  c u rre n t  to  w ith in  
the  c a p a c i ty  of th e  th y ra t ro n  and y e t  p rov ide  as low 
an ou tpu t impedance as may be d e s i re d .  The g r id  
c i r c u i t  r e s i s ta n c e  o f  10 to  15 i s  ty p i c a l  of 
the  value suggested  by th e  m an u fac tu re rs .
The tapped de lay  l i n e  has fo u r te e n  ta p  p o in t s ,  e leven  
o f which may be s e le c te d  by a w afer sw itch  which a lso  has 
an "^off^ p o s i t io n .  The l in e  i s  te rm ina ted  by a s u i ta b le  
r e s i s ta n c e  (5 .6  k ) .  From one f ix e d  tap p in g  and 
from th e  s e le c te d  v a r ia b le  ta p p in g , t r i g g e r s  a re  fed  to  
the  two 377 cathode fo llo w er  s ta g e s ,  which a re  q u i te  
conventional*  The 50-k2 b ia s  p o te n tio m e te rs  a c t  to  
co n s id e rab le  e x te n t  as f in e  delay  c o n t ro l s ,  so much so 
th a t  the  one a s s o c ia te d  w ith  th e  second.377 (Im pu lse /
P u lse  G enerator tim ing) i s  mounted on the  f ro n t  p a n e l .
This V ariab le  d e la y  p ro p e r ty  I s  due to  vary ing  th e  in s ta n t  
a t  which the  r i s i n g  f r o n t  of the  t r i g g e r  from th e  delay  
l i n e  c ro s se s  the  c u t - o f f  th re sh o ld  f o r  th e  valve  and 
i n i t i a t e s  conduction . The 100-2 s c re e n -g r ld  " s to p p e r ’* 
r e s i s t a n c e s  are  inc luded  as a p re c a u tio n a ry  measure.
In  the f i lam en t supply  le ad s  to  the  second and t h i r d
»
BT19 t r i g g e r  g e n e ra to rs  th e re  a re  te rm in a ls  ’éh ich  
norm ally  allow f o r  an A.C. supp ly , but l in k s  can be 
removed so th a t  a D.C. supply from accum ulators may 
be s u b s t i tu te d  fo r  j i t t e r  comparison t e s t s ;  s in ce  the
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f i r s t  t r i g g e r  g en e ra to r  j i t t e r  i s  common to  bo th  tim ebase 
and impulse tim ings, no such p ro v is io n  v^as made as regards  
i t s  f i lam en t supply*
F ig . 6 .8  shows the  Im pulse /Pu lse  G enerator and Chopping 
c i r c u i t s ,  w ith  the  a sso c ia te d  system sw itches . The p o s i t iv e  
t r i g g e r  to the BT79 g r id  i s  fed  v ia  a 472 r e s i s t o r  w ith  
c a p a c i to r  load ings  lo a d in g s  to  the  cathode so th a t  
o s c i l l a t i o n s  of high frequency a t t r ib u te d  to  th e  g r id  
p o t e n t i a l  im m ediately a f t e r  f i r i n g  may be reduced. I t  i s  
a lso  t ru e  th a t  the  t r i g g e r  as genera ted  and w ithou t the  
load ing  network has a very  ra p id  r a t e - o f - r i s e  whereas tha 
m anufacturers  of the hydrogen th y ra t ro n  suggest a more 
moderate r a t e - o f - r l s e .  The load ing  network produces t h i s  
more moderate r a t e - o f - r i s e  and may a lso  act as a s to re  o f 
energy to  be re le a se d  a u to m a tic a lly  when the  g rid -oa thode  
^aro” i n i t i a t e s  befo re  the  main i s  Èbruok. One of
the  c a p a c i to r s  of t h i s  load ing  network i s  in  f a c t  a switched 
bank, bu t v arious  c a p a c i to r  s e le c t io n s  should have n e g l ig ib le  
e f f e c t  on impulse shape except to  v a ry  i n i t i a t i o n  delay .
The impulse c i r c u i t  p roper c o n s i s t s  of a switched bank 
of charging r e s i s t o r s  which vary  th e  p o te n t i a l  to  which 
th e  t a i l  c a p a c i to r  (IpF, 0.25^7 or O.ljiF) o r / th e  pu lse  
forming network charges from th e  half-w ave supply a t B.
The 10 pH in d u c to r ,  which i s  s h o r t - c i r c u i t e d  bh p u lse  
g en e ra to r  o p e ra t io n ,  i s  inc luded  in  the impulse d ischarge  
c i r c u i t  to  smooth the  r i s e  and c r e s t  of impulse wave­
forms fo r  othervjise extrem ely  ra p id  r a t e s - o f - r i s e
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which appear d i s to r t e d  ( p a r t l y  due to  in te r -m o d u la t io n  
on th e  tim a-sw eep), and c r e s t  o s c i l l a t i o n s  occur; 
consequen tly , th e  maximum r a t e - o f - r i s e  i s  l im i te d  to  
about Ô.S [isec, bu t f a s t e r  t r a n s i t i o n s  are  p o s s ib le  
w ith  d e t e r io r a t i o n  in  shape* Heavy te rm in a ls  w ith  a 
copper l i n k  a re  p rov ided  f o r  connec ting  th e  cathode 
o f th e  BT79 s o l i d l y  to  c h a s s is  (a  common e a r th  p o in t  i s  
in  f a c t  chosen) except f o r  "sim plified P u lse"  o p e ra t io n  
when E 150 2 r e s i s t o r  in  p a r a l l e l  w ith  a v a r ia b le  250-2 
r e s i s t o r  are  in s e r te d  by a p p ro p r ia te  sw itch ing  to match 
th e  p u lse  forming network* The r e s t  of th e  impulse 
waveshcping c i r c u i t  c o n s i s t s  o f  a sw itched bank o f  
10-2 r e s i s t o r s  to  e a r t h ,  th e se  a c t in g  as t a i l  shaping 
r e s i s t o r s ;  an o th e r  sw itched  bank of 10«2 r e s i s t o r s  
(fron t shaping r e s i s t o r s ,  and a l t e r n a t i v e  h ig h e r  v a lu es  
may be s u b s t i t u t e d  i f  d e s i r e d ) ;  and a sw itched bank of 
f r o n t  shaping c a p a c i to r s  to  e a r th  w ith  a sm a ll  waveshape 
"smoothing" r e s i s t o r  in  s e r ie s *  The matching r e s i s t o r s  
a lre a d y  mentioned take  th e  p la ce  o f th e  % shaping network on 
p u lse  o p e ra t io n ,  being connected between th e  p u lse  form ing 
network end e a r th  f o r  "D ire c t  P u lse"  o p e ra t io n  and in  the  
th y ra t ro n  cathode c i r c u i t  f o r  "Simplified P u lse"  opera tion*  
There a re  two system sw itch es :  th e  f i r ^ t , having
fo u r  p o le s ,  p r im a r i ly  s e l e c t s  th e  t a i l  c a p a c i to r ,  or 
a l t e r n a t i v e l y  th e  p u lse  forming network; th e  second
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having s ix  p o le s  (tv?o be ing  unused) s e l e c t s  in  tu rn  
O ff, N egative Im pulse, N egative Impulse v^ith chopping, 
^D irec t P u lse^  o p e ra t io n ,  ^Amplified P u ls e ” o p e ra t io n ,  
and Off. The second system S7?itch fu n c t io n s  a re  as 
f o i l 01,?s (going from top to  bottom as in  P ig . 6 .8 ) ;  to  
connect the  chopping c i r c u i t  on th e  a p p ro p r ia te  s??itch 
p o s i t io n ;  to  connect th e  p o s i t iv e  p u lse  o u tp u t from 
the  th y ra t ro n  g e n e ra to r  c i r c u i t  to  th e  p u lse  a m p li f ie r ;  
to  s e le c t  the a p p ro p r ia te  s ig n a l  f o r  connection  to  th e  
o u tpu t te rm in a l  socket o f  th e  in s tru m en t;  to  apply  an 
e a r th  to  th e  th y ra t ro n  cathode ( in  th e  absence of th e  
copper l i n k  a lre a d y  m entioned) excep t on ”j ^ p l l f i e d  P u ls e ” 
o p e ra t io n .  The chopping c i r c u i t  i s  very  s im ple , c o n s is t in g  
o f a m ercury-vapour th y ra t ro n  BT5 connected across  the 
impulse g e n e ra to r  ou tpu t and w ith  a b ia s  and c a p a c i to r  
charging c i r c u i t  s im i la r  to  t h a t  of S co le s(1 0 3 ) . Tha 
chopping c i r c u i t  i s  most e f f e c t i v e  w ith  a h igh  f r o n t  
shaping r e s i s t a n c e  ( > 200E:) and the  lo n g e r  w a v e - ta i ls  
( e .g .  1 /50  ty p e ) ,  when wide v a r ia t io n  in  th e  tim e-to -chop  
i s  o b ta in a b le  end a chop t r a n s i t i o n  of l e s s  than  o.Gnseo.
The p u lse  a m p l i f ie r  c i r c u i t  i s  shown in  F ig . 6 .9 .
This i s  in  e f f e c t  fo u r  s ta g e s  i n  p a r a l l e l  w ith  ^ s to p p e r” 
r e s i s t a n c e s  on sc reen  and c o n t ro l  g r id s  to ^p rev en t sp u rio u s  
o s c i l l a t i o n .  A p o s i t i v e  p u lse  of about i j  m icroseconds 
d u ra t io n  i s  a p p l ie d  to  the  c o n t ro l  g r id s  which a re
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no rm ally  b ia se d  w ell beyond c u t-o f f*  â  n e g a t iv e  pu lse  
o f  low ou tp u t impedance (about 1752), and o f  am plitude 
c o n t ro l le d  by th e  sw itched r e s i s t o r  bank in  th e  E.T. l i n e ,  
i s  ob ta ined  from th e  anodes*
C hassis  No*4;
This c h a s s is  i s  co n s id e red  out of num erical sequence 
i n t e n t i o n a l ly  so t h a t  i t  may be unders tood  how th e  t r i g g e r  
•’pips*^ a t te rm in a l  0 a re  o b ta in ed  (from t r i g g e r  g e n e ra to r  
I Io .l ,  Fig* 6*7)* Fig* 6 .10  shows how th e se  t r i g g e r s ,  
which a re  th e  f i r s t  in  th e  tim ing  sequence o f  t r i g g e r in g s ,  
are  used to  a c tu a te  a 6SH7 cathode-coupled  monostable 
m u l t iv ib ra to r*  The a c t io n  of t h i s  m u l t iv ib r a to r  i s  q u i te  
well-known, end Is  d e sc r ib ed  in  s l i g h t l y  more d e t a i l  in  
P a r t  2 , Chapter 4 , bu t i t  w i l l  s u f f ic e  here  to  say th a t  a 
p o s i t i v e  p u ls e ,  of d u ra t io n  c o n t ro l le d  by the  g r id  p o t e n t i a l  
o f  th e  f i r s t  s e c t io n  o f  th e  6SÎT7, i s  a v a i la b le  a t  th e  anode 
of th e  second s e c t io n  f o r  p u ls in g  th e  hF55 cathode fo l lo w e r  
s tag e  which I s  norm ally  b ia se d  w ell beyond c u t - o f f .  The 
d u ra t io n  of th e  p u ls e ,  which i s  used to  ’’g a te ’* th e  c a l i b r a t i o n  
o s c i l l a t o r  c i r c u i ty  must be a d ju s te d  so t h a t  an o s c i l l a t i o n  
co n tin u es  a t l e a s t  f o r  th e  sweep tim e o f  th e  s low est timebase* 
A v e ry  low o u tp u t itipedance i s  d e s ire d  from ^this c i r c u i t  so 
t h a t  the  c a l ib r a t i o n  o s c i l l a t o r  i s  tu rn ed  q u ic k ly  from th e  
c u t - o f f  q u ie scen t c o n d i t io n  to  t h a t  p roducing  a c o n s tan t 
am plitude o s c i l l a t i o n  o f  u sa b le  m agnitude.
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C hassis  No. 2 :
F ig . 6.11 shows the tim ebase ^ g a te ” m u l t iv ib r a to r
nand the  b o o ts t r a p  tim ebase * N egative t r i g g e r s  are  
a v a i la b le  a t  D to  a c tu a te  the  m onostable ’’gate** m u l t i ­
v ib r a to r  which i s  r a t h e r  unusual in  having th e  cathode 
coupling  and tim ing  c i r c u i t s  combined. The p a r t i c u l a r  
advantage o f  t h i s  c i r c u i t  i s  In  th e  g e n e ra t io n  o f  very  
sh o rt  p u ls e s  {often <1 j ise c ) ,  and although t h i s  f e a tu r e  
i s  r e l a t i v e l y  unim portant h e re ,  th e  c i r c u i t  is  uniform  
w ith  th a t  used fo r  beam b r ig h te n in g  (F ig . 6 .13) where 
sh o r t  p u ls e s  may be r e q u ire d .  The s ta b le  s t a t e  i s  w ith  
the  f i r s t  of the  SF55s conducting  and the  o th e r  c u t - o f f .  
Negative t r ig g e r in g  causes th e  f i r s t  anode and 
consequen tly  th e  second cathode to  r i s e  In  p o t e n t i a l ,  
th e  cathode coup ling  to  th e  f i r s t  va lve  p ro v id in g  th e  
re g e n e ra t iv e  p a th .  The c a p a c i to r  coupling  th e  cathodes 
now ch a rg es , c u r re n t  flow ing through the  second valve 
and the  cathode r e s i s t o r  of th e  f i r s t ,  causing  th e  cathode 
p o t e n t i a l  to  f a l l  e x p o n e n t ia l ly  towards e a r t h  p o t e n t i a l  
u n t i l  th e  f i r s t  va lve  i s  no lo n g e r  cu t o f f  and the 
second r e g e n e ra t iv e  t r a n s i t i o n  ta k e s  p la c e .  The
3E See R eference 3 , pp. Ibl to I3(p | Reference 1, page 135 
e t  seq. ; Reference 3, pp. 35^ 2(o7 ; and Reference 316,
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exponen t ia l  t im ing a c t io n  i s  l a r g e l y  a fu n c t io n  o f  the  
va lues  of th e  c a p a c i to r  coupling  th e  ca thodes  and th e  
cathode r e s i s t o r  o f  th e  f i r s t  v a lve .  2FÔ5 valves  are 
used due to  t h e i r  e x c e p t io n a l ly  h igh mutual conductance 
and t h e i r  heavy pu lse  c u r re n t  r a t i n g  (about 1 .5  amps.).
From the anode of the  second RF55, a nega t ive  
p u lse ,  of low irapedencQ, i s  obta ined which ou ts  o f f  
the EF53 sw itch  va lve  (o therw ise  h e ld  conducting by 
the 3 .3  M2 r e s i s t o r  to  the 2kY supply) of the  timebase 
p roper .  Before the n eg a t iv e  g a t ing  pu lse  i s  app l ied  
the  EF55 switch valve i s  conducting h e a v i ly  so th a t  
th e re  i s  a very  small p o t e n t i a l  ac ross  the  c a p a c i to r  
in  p a r a l l e l  w ith  the  switch va lve ;  the  TO ll l  diode i s  
conducting  and th e  0 .1  pF c a p a c i to r  between th e  TU ll l  
cathode and th e  CT73 cathode charges  to the  d io d e -e n r th  
p o t e n t i a l .  When th e  "ga te^  p u lse  cu te  the  switch 
valve o f f ,  the  s e le c te d  c a p a c i to r  o f  the  bank in  
p a r a l l e l  w ith  th e  switch valve beg ins  to  charge ,  but 
es t h i s  happens the cathode p o t e n t i a l  of the  CY73 r i s e s  
a lso  (cathode fo l lo w er  e f f e c t )  ta k in g  the cathode of the  
W i l l  diode more p o s i t i v e  than p re v io u s ly  and c u t t in g  o f f  
c u r re n t  through i t .  The 0 .1  c a p a c i to r ,  which i s  
f u l l y  charged, now a c t s  as a b a t t e r y ,  p rov id ing  the  
p o t e n t i a l  f o r  th e  charg ing  of the  sm a l le r  c a p a c i to r  o f  
the  bank through th e  15 kh r e s i s t a n c e .
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In the conventional bootstrap c i r c u i t ,  the anode 
of the CT73 would be connected d ir e c t ly  to the H.T* 
supply l i n e ,  th a t i s  e f f e c t i v e l y  to  A.C. earth p o te n t ia l ,  
and the output may be taken from the CT73 cathode say.
The e f f e c t  o f adding en anode load r e s is to r  from 
which an inverted  time-sweep waveform may be derived  
to  g ive  a push-pull tim ebase, i s  to  reduce somewhat the 
e f f e c t  o f  negative feedback in  l in e a r iz in g  the waveform. 
Considering the block represen tation  o f the a m p lif ier  as 
fo llo w s:
 ^ I n i t i a l l y  ^
and E i s  in e f f e c t iv e  
When c ir c u it  i s  gated , B i s  e f f e c t iv e ly  applied  
and G begins to  charge at a rate  of B/RC v o lts /se c o n d .
The p o te n t ia l  of C with respect to  earth tends to  d i f f e r  
from that of K with respect to  earth  so producing an input
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to  the  e m p l i f ie r  as fo l lo w s ;
and ^  say, i f  the  anode
end oathode load  r e s i s t o r s  are of s im i l a r  va lue .  A, 
the s tage  g a in ,  i s  taken p o s i t i v e  h e re .
/ -  ^KE =
A
^KE = ^GE
i . e .  ^  i f  A i s  l a rg e .
d Ia n d ( T g | | )  a  RC v o l t s / s e o o n d .
For the  conventional  b o o t s l t r a p  c i r c u i t ,  an a n a ly s i s  mayi^'proceed on s im i l a r  l i n e s  lead ing  to  th e  express ion ;
( 1 + i  ) = TE B  '  A  '  =  'G E
\ so t h a t  Vgg more n e a r ly  fo llows
One assumption which has  been made i s  t h a t  E i s  c o n s ta n t ,  
and to ensure f a r  as p o s s ib le  th a t  t h i s  i s  so, the  
c a p a c i to r  between the  diode and CT73 cathodes should be 
l a rg e  compared w ith  C, i . e .  the c a p a c i to r  o f  th e  switched
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bank, I f  l i n e a r  time-sweeps a re  to  be o b ta ined .  In  
the  a c tu a l  c i r c u i t  (F ig .  6.11) some depar tu re  from 
l i n e a r i t y  and red u c t io n  in  timebase waveform amplitude 
i s  to be expected on th e  slower timebase ranges .
In  F ig .  6 .12 ,  th e  beam modulation m u l t i v i b r a to r  
and c a l i b r a t i o n  o s c i l l a t o r  c i r c u i t s  are shown. The 
monostable m u l t i v i b r a to r  which p ro v id es  n eg a t iv e  p u ls e s  
of s e le c te d  d u ra t io n s  to  the  C.R. tube cathode i s  s im i l a r  
to  the  t imebase "gate^  m u l t i v ib r a to r  a l re ad y  d e sc r ib e d ,  
except t h a t  a switched bank of c a p a c i to r s  i s  used i n  
the cathode coupling  and timing network. Modulation 
pu lse  amplitude i s  c o n t ro l l e d  by a 5-k£ p o te n t io m e te r  
end fed to  th e  C.R. tube  cathode v ia  two h lg l i -vo l tage  
c a p a c i to r s  whose value  i s  l im i t e d  somewhat by the  space 
a v a i la b le  f o r  mounting#
The c i r c u i t  a s s o c ia t e d  w ith  the  6N7 d o u b le - t r io d e  
in  F ig .  6.12 i s  the  C a l ib r a t i o n  O s c i l l a t o r  p ro v id in g  f iv e  
f re q u e n c ie s  of  c o n s ta n t  amplitude pu lsed  o s c i l l a t i o n s .
In  the qu ie scen t  (non-gated) c o n d i t io n ,  the  second h a l f  
of the 6N7 i s  conducting h e a v i ly  and the  f i r s t  h a l f  i s  
cu t  o f f .  The tuned c i r c u i t  s e le c te d  by the frequency  
s e l e c t i o n  switch  i s  e f f e c t i v e l y  damped by the  low grid**tO' 
e a r t h  impedance o f  th e  second s e c t io n  o f  the  v a lve .
A p o s i t i v e  ’•ga te” p u lse  tu rn s  th e  f i r s t  s e c t io n  ”pn” .
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and tends  to  tu rn  th e  second s e c t io n  ”o f f ” bu t  t h i s  
l a t t e r  a c t io n  i s  not com plete ly  success fu l*  Due to  th e  
pu lse  on the g r id  of th e  second s e c t i o n ,  the  s e le c te d  
tuned c i r c u i t  ’’r i n g s ” , and s u f f i c i e n t  r e g e n e ra t io n  may 
be ob ta ined  by adjustment o f  the  common cathode r e s i s t a n c e  
of  the 6N7 to  causing t h i s  " r in g in g ” o s c i l l a t i o n  to  
m a in ta in  i t s  amplitude* I t  w i l l  be noted  t h a t  th e re  are 
s e p a ra te  re g e n e ra t io n  adjustm ent c o n t r o l s  f o r  each 
frequency range# In  p r a c t i c e ,  t h i s  c i r c u i t  r e q u i r e s  
c a r e f u l  s e t t i n g  up as the  amplitude o f  th e  gated  pu lse  
( c o n t r o l l e d  by the cathode r e s i s t a n c e  o f  the  EF55 cathode-  
fo l lo w er  d r iv e r  s t a g e ) ,  the  b ia s  on th e  f i r s t  s e c t io n  of  
the 6N7, end th e  r e g e n e ra t io n  adjustment are  i n t e r - r e l a t e d *  
However, of many pu lsed  o s c i l l a t o r  c i r c u i t s  i n v e s t i g a t e d ,  
t h i s  p a r t i c u l a r  v a r i e t y  has  given th e  most s a t i s f a c t o r y  
se rv ic e  a t  f r eq u en c ie s  up to  l2Mo/s, Examples of  pu lsed  
o s c i l l a t o r s  and the  theo ry  a s so c ia te d  w ith  th e  o s c i l l a t i o n  
are  considorod in  Reference 1; Reference S, page 
Reference 3, page iifO |  and Reference 6 page 191 ♦
Also i n  F ig .  6 .12 ,  the  Modulation S e le c t io n  sw itch ing  
i s  shown in  the  lower r i g h t  hand c o rn e r .  The l i n e  P goes 
t o  the C.R. tube g r id  end the  l i n e  % to  th e  cathode. The 
s e l e c t o r  p o s i t i o n s  a re :  Off; C a l ib r a t io n  O s c i l l a t o r  only;
Modulation (b r ig h te n in g )  Pu lse  only; C a l ib r a t io n  O s c i l l a to r  
and Modulation P u lse  s im u ltaneous ly ;  E x te rna l  Modulation
/  i
Ul
/s.
ci IPri —
CM CM«M
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c n
/  V_.....
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to  C.R. tube  g r i d ;  and E x te rn a l  Modulation t o  C.R. 
tube Cathode. The l a s t  tv?o p o s i t i o n s  are  inc luded  
f o r  convenience f o r  some fu tu r e  use i f  d e s i r e d .
f i g .  6 .13 shows the c i r c u i t s  a s s o c ia te d  w ith  the  
C.R. tube i t s e l f .  The supply  chain  i s  designed fo r  
the f u l l  10k? across  i t ,  end t o  g ive  th e  p o t e n t i a l s  a t  
var ious  ‘e l e c t r o d e s  as recommended by the  m anufac tu re rs  o f  
the tu b e .  E x t ra  s e r i e s  r e s i s t a n c e  can be i n s e r t e d  to  
reduce the  o v e r a l l  p o t e n t i a l  s l i g h t l y .  Smoothing of 
the 10k? supply  I s  accomplished by a x -network, the  
c a p a c i to r  arms each c o n s i s t i n g  of two D.g5pF, 5k? working 
C apac i to rs  i n  s e r i e s ,  and the  r e s i s t i v e  arm of a t  l e a s t  
500 kQ. The s h i f t  arrangements f o r  X and T p l a t e s  are  
fundam enta lly  s im i l a r ,  though d i f f e r e n t  r e s i s t o r  va lu es  
are  used due t o  the  d i f f e r e n c e  in  supply p o t e n t i a l s .  The 
s h i f t  and as tigm atism  c o r r e c t io n  c i r c u i t s  a re  s im i l a r  
to  those  suggested  by Puckle (Reference 2, page SB6) f o r  
p u sh -p u l l  working, the  s h i f t  ganged-po ten tiom eters  vary ing  
the  p o t e n t i a l s  on any p a i r  of p l a t e s  sym m etr ica l ly ,  and 
the  as tigm atism  c o r r e c t io n  s e t t i n g  the  mean l e v e l  of  t h e  
p l a t e s  w ith  r e s p e c t  to  e a r t h .  ’••Stopper*’ r e s i s t o r s  are  
mounted immediately a t  each d e f l e c t io n  p l a t e  te rm in a l  
to  damp any resonances  due to  w ir ing  induc tances  and inter» 
p l a t e  or  w ir in g  c a p a c i ta n c e s .
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The T - s e l e c to r  sw i tch ing  i s  shown in  the  lower 
r ig h t -h a n d  co rner  of F i g . 6.13# The consecu t ive  p o s i t io n s  
a re ;  Off; Im pu lse /?u lse  Generator ou tpu t  (H and S);  
any two e s so c ia te d  Test  P o in t s  e x t e r n a l  to  th e  appara tus  
( th ese  a re  connected to  th e  Y -p la te s  w ithout a p p l ic a t io n  
of an " e a r t h " ) ; C a l ib r a t io n  O s c i l l a t o r ;  Im pulse /Pulse  
Generator t r i g g e r i n g  waveform; Off. I t  w i l l  be noted 
t h a t  th e  time c a l i b r a t i o n  of a waveform may be made 
e i t h e r  by m odulating the waveform by the  p o s i t i v e  
peaks of the c a l i b r a t i o n  o s c i l l a t i o n  to  g ive  a do t ted  
t r a c e ,  or  in  th e  case  of pho tographic  re co rd s  by 
exposing f i r s t  to  th e  waveform, and secondly to  th e  
o s c i l l a t i o n  app l ied  to  th e  Y -p la te s  in s te a d  of the 
waveform. The l a t t e r  method i s  normally  used when 
making o s c i l lo g ra m s ,  f u r t h e r  exposures enab l ing  
amplitude c a l i b r a t i o n  b a rs  to  be recorded  as w e l l .
For v i s u a l  ad jus tm en ts ,  e . g .  to  the waveshape, and 
d i r e c t  o b se rv a t io n  g e n e r a l ly ,  th e  d o t te d  d i s p la y  Is 
d e s i r a b l e .
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Chapter  7
Operation of Model "B"
This c h ap te r  i s  concerned w ith  th e  normal o p e ra t io n  
of  the  equipment, and a l so  w i th  the  s e t t i n g - u p  procedure 
fo r  v a r io u s  c i r c u i t s .  With the  Main Switch "on", the  
f i r s t  f i v e  in d iv id u a l  sw itches  on C hass is  No.6 a re  c losed  
(working from l e f t  to  r i g h t ) ,  fo llowed by the  f i r s t  two 
in d iv id u a l  sw itches  on Chassis  No.5. lllien th e  "General 
H .T ."  i n d i c a t o r  lamp l i g h t s  up a f t e r  epproximately 45 
seconds, the t h i r d  and f o u r th  sw itches  on C hass is  No.5 
may be c losed  and th e  t imebase and c a l i b r a t i o n  o s c i l l n t o r  
c i r c u i t s  a d ju s te d .
"yVith the  tim ebase range (TB) c o n t ro l  on p o s i t i o n  6 
say (see F i g . 7 .1 ) ,  th e  C a l ib r a to r  Frequency (OF) c o n t ro l  
on p o s i t i o n  to  ( i . e .  " o f f " ) ,  and th e  ’Modulation S e le c to r  
(MS) c o n t ro l  on MP, the  Main T r ig g e r  (MT) c o n t ro l  i s  
r o t a t e d  clockwise u n t i l  e s teady  50 c / s  r e p e t i t i v e  t ime- 
sweep i s  observed on the C.R. tube f a c e .  To p o s i t i o n  
t h i s  time-sweep, ad justm ent may be re q u i re d  to  th e  s h i f t  
c o n t ro l s  (X and Y)| and to  o b ta in  c o r r e c t  s e t t i n g  of the  
b r ig h tn e s s  the  g e n e ra l  b r ig h tn e s s  l e v e l  (B) c o n t ro l  should 
be s e t  so t h a t  only  th e  i n i t i a l  "dot"  of the  time-sweep 
i s  v i s i b l e ,  f u r t h e r  adjustment being by the  Modulation
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Amplitude (MA), Modulation D u ra t ion  (MD) and Focus (F) 
c o n t ro l s .  The a n t i - a s t ig m a t i s m  p r e - s a t  c o n t ro l s  are  
to  he found on the  c h a s s i s  b ra c k e t s  suppor t ing  the  
pnnel o f  Chassis  No.2 and access  i s  ob ta ined  by opening 
the s ide  doors of th e  enc losed  rack ( th e  Y astigm atism  
c o r r e c t io n  c o n t ro l  i s  most e f f e c t i v e ) .
There are  f i v e  c a l i b r a t i o n  o s c i l l a t o r  ran g es ,  
p o s i t i o n  6 be ing  "O ff" .  The f req u en c ie s  chosen a t  
p re se n t  are  250 k c / s ,  1 Mc/s, 5î«o/s and 12 l l c / s ,  s e le c te d  
by the  C a l ib r a t i o n  Frequency Contro l  (CF), and o f
I
axiplitude determined by the  C a l ib r a t i o n  M p l i tu d e  (CA) 
knob. At the  r e a r  of  Chass is  No.4 th e re  are th r e e  
p r e - s e t  c o n t r o l s ,  one w ithou t  a knob a f f e c t in g  the  "ga te"  
m u l t i v ib r a to r  d u ra t io n ,  and one a lso  w ithou t  a knob next 
to  th e  f i r s t  the  b i a s  p o t e n t i a l  on the  EF55 c a th o d e - fo l lo w er .  
A t h i r d  sp in d le ,  w ith  a knob, c o n t ro l s  the  value of th e  
SF55 cathode r e s i s t o r  and hence the  "ga te"  p u lse  amplitude. 
With the h ig h e s t  f requency range s e le c te d ,  t h i s  l a t t e r  
c o n t ro l  i s  a d ju s te d  in  a s s o c ia t io n  w ith  the 6N7 b ia s  
p o te n t io m e te r  (next to  th e  va lve)  and the  a p p ro p r ia te  
re g e n e ra t io n  c o n t ro l  to  o b ta in  an o s c i l l a t i o n  o f  maximum 
c o n s tan t  amplitude. Adjustment f o r  the  o th e r  fou r  
f requency  ranges  i s  made us in g  the  r e g e n e ra t io n  (cathode 
coupling  r e s i s t a n c e )  c o n t ro l  only. The c a l i b r a t i o n  
o s c i l l a t o r  c i r c u i t r y  w ith  p lu g - i n  c o i l s ,  p r e - s e t
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c a p a c i to r s  and cathode coupling  r e s i s t o r s  i s  a t  the 
r ig h t -h a n d  s ide  of C hassis  ÎTo.2 ( looking  at f r o n t  of 
equipment).
The frequency of any s e le c te d  range may he checked 
by l i n k  coupling the  chosen inductance w i th  th e  p lu g - in  
c o i l  of a Marconi Ins trum ents  ..Absorbtion Wavemeter type 
TF97§, and tuning  the  wavemeter u n t i l  a small d e f l e c t i o n  
i s  observed. This method i s  e f f e c t i v e  d e s p i te  the  
r e l a t i v e l y  small duty  r a t i o  of the  o s c i l l a t o r ,  bu t the  
l i n k  coupling  must be very  loose  o therw ise  load ing  may 
a f f e c t  the  frequency of o s c i l l a t i o n .  An a l t e r n a t i v e  method 
i s  to  tune a nearby ra d io  r e c e iv e r  over the  range of 
f req u en c ie s  expected , so th a t  the  energy r a d ia t e d  " c lo se s"  
a tun ing  i n d i c a t o r  d i s p la y  o r  g ives  maximum volume o f  the 
50 c / s  component.
VOien th e  t im ebase ,  modulation and c a l i b r a t i o n  c i r c u i t s  
are  o p e ra t in g  s a t i s f a c t o r i l y ,  a t t e n t i o n  may be given to  
the Impulse /Pulse  G enerator .  The s i x t h  sw itch  on Chassis  
No.6 i s  no t  normally c losed  u n t i l  the valve h e a t e r s  have 
been "on" f o r  t h r e e  to f i v e  m inutes  ( the  d e lay  sw itch ing  
here i s  r e a l l y  a p r o t e c t iv e  arrangement, and i s  not 
normally re q u i re d  to  c lo se  the  c i r c u i t ,  e s p e c i a l l y  on 
f u l l  lo a d ) .  , The Generator T r igger  (GT) c o n t ro l  i s  normallyat mtd-bosihorts e t  f u l l y  clockwise ,  the  t r i g g e r  shaping network c o n t ro l  (WG) 
to  p o s i t i o n  7, the  System Switch (S3) to  - I , / t h e  Generates
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Amplitude (GA) c o n t ro l  to  p o s i t i o n  4, and th e  waveshaping 
c o n t ro l s  on the  f ro n t  end t a i l  c a p a c i to r s  and r e s i s t o r s  
(Cp, Gp, Rp and R^) to  any d e s i r e d  p o s i t i o n s .  There 
are  two knobs marked GD (Generator Delay),  the  twelve 
p o s i t i o n  switch s e l e c t i n g  de lay  l i n e  ta p p in g s ,  and the 
con t inuous ly  v a r i a b le  c o n t ro l  a f f e c t i n g  th e  b ia s  of  one 
of the  z n i  c a th o d e - fo l lo w e r - s ta g e s .  The l a t t e r  c o n t ro l  
should i n i t i a l l y  be f u l l y  a n t i - c lo c k w is e , and th e  s te p -b y -  
s tep  s e l e c t o r  a l t e r e d  u n t i l  the  approximate p o s i t i o n in g  
of the  t r a c e  i s  ob ta in ed ,  w h e re a f te r  f in e  c o n t ro l  o f  
p o s i t i o n in g  i s  made us ing  th e  bias po ten t iom eter .
Desired waveshapes a re  s e t  up q u i te  q u ic k ly  by 
modulating th e  C.R. tube g r id  w ith  a s u i t a b l e  c a l i b r a t i o n  
frequency to  g iv e  a d o t te d  trace#  In  t h i s  way the  time 
to  h a l f  amplitude of the  t a i l  may be q u ick ly  a ssessed ,  
and a lso  in  most cases  an approximate e s t im a te  of th e  
f ro n t  r i s e  time. For g e n e ra l  work, the  t a i l  c a p a c i to r  
(Cj) i s  so t  to  p o s i t i o n  1 f o r  5 ^seo t a i l s  and p o s i t i o n  5 
fo r  50 ixsec t a i l s ,  the  f in e  adjustment being  made by 
the  t a i l  r e s i s t a n c e  (Hg,) c o n t r o l .  Front t im es l e s s  than  
1 microsecond are u s u a l ly  d e s i r a b l e  and th e  f ro n t  c a p a c i to r  
(C^) c o n t ro l  i s  commonly a t  p o s i t i o n  7, i . e .  wi£h no 
i n t e n t i o n a l  capac i tance  inc luded .  Again, f i n e  c o n t ro l  
i s  ob ta ined  us ing  the  f ro n t  r e s i t o r  (R^) s e l e c t i o n .
Chopped waves r e q u i r e  s e t t i n g  the  System Switch (SS) to
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-IG, and t lm e-to-c liop  I s  then v a r ie d  us ing  the  Ghop 
Delay (CD) knob.
There are  v a r io u s  p r e - s e t  p o te n t io m e te r s  mounted 
on Chass is  No,3. The second and t h i r d  t r i g g e r  g e n e ra to r s  
have bise p o te n t io m e te r s  s i m i l a r  to  t h a t  o f  th e  f i r s t  
t r i g g e r  g e n e ra to r  ( th e  Main T r ig g e r  c o n t r o l ,  MT), and 
th e se  are  a d ju s te d  to  g ive  50 c / s  f i r i n g  under a l l  c o n d i t io n s  
o f  de lay  c i r c u i t  s e t t i n g s .  The 277 cethode-folloT^er s tage  
a s s o c ia te d  v?ith the  timebase t r i g g e r i n g  a lso  has a b ia s  
p o te n t io m e te r  vîhich admits p o s i t i o n in g  o f  the  d isp layed  
vjaveform in  a s im i l a r  manner to  the  f ro n t -p a n e l  c o n t r o l ,  
but once s e t  to  g ive  s t a b l e  t r i g g e r i n g  o f  the second t r i g g e r  
g e n e ra to r ,  no f u r t h e r  v a r i a t i o n  i s  normally  made. On th e  
r ig h t -h a n d  c h a s s i s  b ra c k e t  i s  mounted a small v a r ia b le  
r e s i s t a n c e  which p e rm i ts  matching of th e  e f f e c t i v e  load  on 
the  pu lse  g e n e ra to r  ( ’•D irect P u lse"  o p e ra t io n )  to  the pu lse  
forming network t o  avoid r e f l e c t i o n s  beyond the i n j e c t e d  
p u l s e .
O pera tion  o f  the  p u ls e  g e n e ra to r  f a c i l i t i e s  i s  as 
fo l lo w s ;  "D ire c t"  o r  "Amplified P u lse"  o p e ra t io n  must 
f i r s t  be s e le c te d  by moving th e  t a i l  c a p a c i to r  (Crj) and 
System Switch (SS) c o n t r o l s  in  unison to  the  c o r r e c t  p o s i t io n s  
The Genera tor  Amplitude (GA) knob a f f e c t s  th e  p u ls e  amplitude 
when u t i l i z i n g  the "D ire c t  P u lse"  f a c i l i t y ,  and th e  p u lse
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shape s l i g h t l y  when on "Amplitude Pu lse"  working (GA p o s i t i o n s  
2 to  4 are  considered  b e s t  i n  t h i s  l a t t e r  c a s e ) .  The 
Pulse Amplitude (PA) switch v a r i e s  the amplitude only on 
"Amplified P u lse"  o p e ra t io n .
Other p r e - s e t  p o te n t io m e te rs  are found on Chassis  No.2 
c o n t ro l l in g  the  b ia s  f o r  the  beam b r ig h te n in g  m u l t i v ib r a to r  
(under the  C.R. tube bose cap ) ,  and f o r  the  timebase "ga te"  
m u l t i v i b r a to r  (on the  l e f t - h a n d  s id e  of the  c h a s s i s ) ;  a lso  
on Chassis  No#6 a s so c ia te d  w ith  th e  General H.T. va lve  
s t a b i l i s e r  c i r c u i t  where the  s e t t i n g s  are determined fo r  
minimum hum, and s ta b le  op e ra t io n  under c o n d i t io n s  of 
Varying load  and/or  mains v o l ta g e .
Should i t  be d es i red  to  check th e  symmetry of the 
p u sh -p u l l  t imebase waveforms the fo l low ing  procedure may be 
adopted using  a Cossor Model 1035 Double Beam Oscillograph#
Two i d e n t i c a l  r e s i s t i v e  d iv id e r s  a re  made up which do no t 
e f f e c t i v e l y  load  th e  timebase o u tp u ts ,  bu t which have 
f a i r l y  low value lower arms ( e .g .  47 k2/10 ka) end the  d iv ided  
timebase o u tpu ts  are fed d i r e c t l y  to  the Y -p la te s  o f  the  
o sc i l lo g ra p h .  A s h i f t  c i r c u i t  w i l l  be o p e ra t iv e  in  the  case 
of the  Yg beam, but an e x te rn a l  s h i f t  c i r c u i t  w i l l  be 
requ ired  fo r  the  Y^ beam. Sines the d e f l e c t io n  s e n s i t i v i t i e s  
f o r  both beams are equal, and s in ce  th e re  la  a n a tu r a l  
in v e rs io n  e f f e c t  on one of the  in p u ts  due to ^ tha  ea r thed  beam 
s p l i t t e r  p l a t e  being between the  s ig n a l  p la te s#  the  t r a c e s
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appear  t o  be o f  the  same sense ,  and should be c o in c id e n t  
f o r  Bymmetrical o p e ra t io n .
3.1*
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ghap te r  8
Proving T es ts  and Mèthoda
In  many ca se s ,  the  a p p l i c a t io n s  of  th e  R .8 .0 .  are  
such t h a t  i t  i s  d i f f i c u l t  to "prove" the  working of the  
equipment in  the  t r u e s t  sense ,  s ince  mathematica l o r  
a l t e r n a t i v e  experim enta l  ana lyses  of windings, e t c . ,  are 
d i f f i c u l t  to  c a r r y  ou t .  The s e r i e s  o f  t e s t s  descr ibed  
in  t h i s  ch ap te r  are  t h e r e fo r e  r a t h e r  more dem onstra tions  
o f  the a p p l i c a t io n s  and the v e r s a t i l i t y  of the equipment.
In  f a c t ,  i t  i s  d i f f i c u l t  to  imagine where e r r o r s  might occur,  
except perhaps due to  the  w ir in g  and d e f l e c t o r  p l a t e  
c ap ac i tan ces  and a t  vary  high f re q u e n c ie s .
Typical  d i s p la y :
F i r s t l y ,  the  performance o f  the  ins trum ent i t s e l f  w i l l  
be cons idered .  F ig .  8 .1 a  shows a medium speed timebase 
(TB6) w ith  8 2.5 l lc / s  c a l i b r a t i o n  wave and i t  w i l l  be observed 
t h a t  except a t  the  s t a r t  o f  th e  time-sweep, reasonab le  
l i n e a r i t y  i s  ob ta ined .  The v e r t i c a l  c a l i b r a t i o n  b a r  i s  
d isp laced  75 v o l t s  from the  a x is  o f  the  s in u so id .  F ig .  8 .1b  
i l l u s t r a t e s  the f a s t e s t  normal r i s e  of  f r o n t  o b ta in ab le  
d isp layed  on the  f a s t e s t  tima-swcep (TBl), about 0 .3  fisec, 
with the  h ig h e s t  frequency c a l i b r a t i o n  wave -  12 Mc/s. The 
c r e s t  amplitude of the  im pulse, 510 v o l t s ,  was measured 
from a s e p a ra te  v e r t i c a l  c a l i b r a t i o n  oscil logram.* An 
exposure o f  about ^ second (25 superimposed t r a c e s )  was used.
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and i t  w i l l  be noted the j i t t e r  i s  com plete ly  imobserveble.
Fig* 8 .1c  and 8 . Id  show t y p i c a l  waveforms obta ined  when 
t e s t i n g  a d isc  winding (see Appendix A) having 22 t a p p in g s ,  
the  osc i l log ram s  r e f e r r i n g  t o  tap 22 ( f u l l  wave) and tap  
19 r e s p e c t i v e ly ,  and the  l a t t e r  one showing a second c r e s t  
o f  amplitude in  excess of  the  a p p l ied  wave.
The d o t ted  ( c a l i b r a t i o n  modulated) d i s p la y  i s  f e a tu re d  
in  F ig .  8 .1 e ,  the  o sc i l log ram  in d i c a t i n g  the  waveform a t  
tap  12 o f  the  d isc  winding w ith  a 1/50 wave app l ied ,  and 
with a c a l i b r a t i o n  frequency  of 250 k c / s .  F igs .  8 . I f  and 
B .lg  i l l u s t r a t e  1/50  waves chopped a f t e r  8 and 24 microseconds 
r e s p e c t i v e ly ,  the chopping t r a n s i t i o n  time being very  much 
l e s s  than 1 microsecond. Under sh o r t  t im e-to -chop  c o n d i t io n s ,  
the  f ro n t  t r a n s i t i o n  i s  lengthened s l i g h t l y  due to  the  load ing  
of th e  chopping th y r a t r o n .
Hydrogen Thyratron T e s t s ;
One of  the most i n t e r e s t i n g  s tu d ie s  made p o s s ib le  
using  the  R .S .O .,  was t h a t  on th e  f i r i n g  c h a r a c t e r i s t i c s  of 
a BT79 hydrogen th y r a t r o n .  For t h i s ,  the normal impulse 
g en e ra to r  c i r c u i t  was te m p o ra r i ly  modified to  g ive  p o s i t i v e  
impulse waves by in c lu d in g  a 600-2 r e s i s t o r  between the 
th y r a t r o n  cathode and e a r th ,  and so f i r i n g  a f u r t h e r  
experim enta l  hydrogen th y r a t r o n  having i t s  own charging 
c i r c u i t .  The d ischarge  c i r c u i t  of  t h i s  second hydrogen 
th y r a t r o n  comprised simply a 0 .1  c a p a c i to r^ '  two 600-2
g . 2 a ?-2h
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r e s i s t o r s  in  s e r i e s  and the  va lve  i t s e l f .  O scillosram s 
of the main d ischarge  c u r re n t  could be ob ta ined  by tapping 
across  the two 600-û r e s i s t o r s .
Inform ation  on hydrogen th y ra t ro n s  i s  r a t h e r  l im i t e d ,  
being confined to  th e  papers  of Heins(218),  C ro l leau (E 1 9 ) , 
and Knight and E ooker(2 l5 ) .  Experiments on th y ra t ro n  f i r i n g  
c h a r a c t e r i s t i c s  have not rece iv ed  wide p u b l i c i t y  e i t h e r ,  
the most ap p l ic a b le  papers  being by W ebster(217), and 
Germsshausen (Sec tion  8.11 e t c .  of Reference 4) of  which 
the  r e s u l t s  of the  l a t t e r  au thor are comparable w ith  
those  of the p re se n t  i n v e s t i g a t i o n .
F ig .  8 .2 a  shows the  r i s e  of the  t r i g g e r i n g  pu lse  
with the  hydrogen th y r a t r o n  g r id  d isconnec ted ,  and w ith  
the g r id  connected but th e  charg ing  c i r c u i t  in o p e ra t iv e  -  
the  breakdown of  the g r id -c a th o d e  space i s  c l e a r l y  in d ic a te d .  
F ig .  8 .2b  shows the g r id  waveforms w ith  and w ithout the 
charging c i r c u i t  o p e ra t iv e ,  and a lso  the  r i s e  of anode 
cu r ren t  ( r a th e r  f a i n t )  w ith  the  charging c i r c u i t  o p e ra t iv e ,  
the ty p i c a l  g r id  o s c i l l a t i o n  a t  breakdown being most e v id e n t .  
Hydrogen th y ra t ro n s  are g e n e r a l ly  designed w ith  a p o s i t i v e  
g r id - c o n t r o l  c h a r a c t e r i s t i c ,  and to  t r i g g e r  th e  v a lv e , th e  
g r id  must be d r iven  s u f f i c i e n t l y  p o s i t i v e  to  draw g r id  
c u r re n t  between g r id  and cathode so th a t  th e  g r id -ca thode  
space io n iz e s  a f t e r  which the  main anode-cat'hode conducting 
pa th  i s  e s t a b l i s h e d  w i th in  about 50 m il l im ic roseconds .
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G r id-ca thode io n i z a t i o n  occurs  a t  a c e r t a i n  g r id  v o l tag e  
(which i s  lowered s l i g h t l y  by the  presence  o f  anode v o l t a g e ) ,  
end the  delay  to  f i r i n g  th e r e fo r e  depends on the  r a t e - o f -  
r i s e  of  g r id  v o l ta g e .  F ig .  6 .2c  i l l u s t r a t e s  t h i s  e f f e c t  
which i s  not n e c e s s a r i l y  a l i n e a r  one (Dermeshausen) .  The
e f f e c t  o f  anode v o l ta g e  on de lay  time to  f i r i n g  i s  
demonstrated in  F ig .  2d in  which th© su ccess iv e  charg ing  
c i r c u i t  v a r ia c  s e t t i n g s  were 230(maximum), 190, 150, 110, 70.
Two f u r t h e r  t e s t s  concern the e f f e c t s  of the  
g r id  c i r c u i t  r e s i s t a n c e  and h e a t e r  c u r r e n t .  U n fo r tu n a te ly  
i t  was most d i f f i c u l t  to measure the a c tu a l  value o f  g r id  
c i r c u i t  r e s i s t a n c e  under o p e ra t in g  c o n d i t io n s ,  and F ig .  2e 
th e re fo re  shows the d e lay  to  s t a r t  of  anode c u r re n t  
p ro p o r t io n a l  to  g r id  c i r c u i t  v a r i a b le  r e s i s t a n c e  s e t  a t  
100, 300, 500, 1000, 1500, 2000, and 2500 ohm s te p s .  So 
f a r  r e s u l t s  had m ere ly  confirmed Germeshausen’ s e a r l i e r  
work, but F ig .  2 f  which shows the de lay  to  s t a r t  o f  anode 
c u r re n t  f o r  h e a t e r  c u r r e n t s  of  2 .80 ,  2 .75 ,  2 .70 ,  2 .65 ,  2.60 
and 2.55 amperes seems to  c o n t r a d i c t  h i s  s ta tem ent t h a t  
n e i th e r  hydrogen p re s su re  no r  cathode tem pera tu re  have much 
e f f e c t  on the time de lay  or  j i t t e r  so long as th ey  are  kept 
w i th in  the  normal o p e ra t in g  range .  Knight end Hooker(215) 
p r e s c r ib e  a to l e r a n c e  of ±5jS in  h e a t e r  v o l ta g e ,  and the  
v a r i a b le  delay  to f i r i n g  due to  changes in  h e a t e r  c u r re n t
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well w i th in  ± 5^ i s  q u i te  n o t i c e a b le .  Indeed, slow 
d r i f t  of an impulse waveform (not a quick j i t t e r )  was 
considered to  be due to  slow changes in  mains v o l ta g e ,  
and on some occasions  i t  was necessary  to  r e s o r t  to a 
s e p a ra te ly  genera ted  s t a b i l i z e d  supply when reco rd ing  
h igh-speed t r a c e s .
Transformer Winding T e s t s ;
These t e s t s  were performed on a small two-limbed 
t ransfo rm er  having a low vo ltage  winding, and th re e  
in te rchangeab le  high vo ltage  windings which in d iv id u a l ly  
could be s l ip p ed  n o - a x i a l l y  over the low vo l tag e  winding 
before  the  i ro n  c i r c u i t  was c lo sed  by re p la c in g  the  
top sec t io n  o f  the  i ro n  p a th  (see Appendix "A"). The 
th r e e  high v o l tag e  windings were of the l a y e r  ( s p i r a l ) ,  
c ro s s -o v e r ,  end d isc  types ,  a l l  provided w ith  tapp ings  
the  m a jo r i ty  o f  which were n ea re r  the  l i n e  ends, Transformer
winding t e s t s  f a l l  g e n e ra l ly  in to  th r e e  c l a s s e s ;  to  f ind  
the  i n i t i a l  vo l tage  d i s t r i b u t i o n ;  to f in d  the maximum 
vo ltage  envelope; and to  f in d  any abnormally high 
p o t e n t i a l s  between roughly ad jacen t  tu rn s  or  c o i l s  ( t h i s  
l a t t e r  o p e ra t io n  i s ,  o f  course ,  g iv ing  d i r e c t  in form ation  
which might o therwise be obta ined  i n d i r e c t l y  from the 
f i r s t  two c l a s s e s  of t e s t ,  and i s  r a th e r  more amenable to  
low vo ltage  r e c u r re n t - s u rg e  t e s t i n g  than t o 'h i g h  vo ltage  
t e s t i n g ) .  (See a lso  Reference 508).
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Examples of o sc i l log ram s  taken  to  f in d  the  i n i t i a l  
vo ltage  d i s t r i b u t i o n  in  the  c ro s s -o v e r  type winding are 
shown in  Fi,::s. 8 .3 a  and 8 .3 b .  The former i l l u s t r a t e s  
f a i r l y  c l e a r l y  the k inks (on the  waveforms r e l a t i n g  to  
the  v a r ious  tapp ings)  where the i n i t i a l  v o l tag e  d i s t r i b u t i o n  
g ives  p la ce  to  the  o s c i l l a t o r y  c o n d i t io n ,  w hile  the  l a t t e r  
osc i l log ram  uses  an expanded timebase to  f a c i l i t a t e  
measurement.
F ig .  8 . Id  has  a l re ad y  in d ic a te d  t h a t  the  i n i t i a l  
c r e s t  value may not be the  l a r g e s t ,  t h i s  being q u i te  a 
t y p i c a l  cond i t ion  in  the d isc  winding a v a i l a b l e .  Other 
t e s t s  to  o b ta in  maximum vo ltage  envelopes were made w ith  
1/50 waves on a c ro s s -o v e r  winding (F ig .  8 .3o)  and a l a y e r  
( s p i r a l )  winding (F ig .  8 .3 d ) .  While the  o sc i l lo g ram  f o r  
the  c ro s s -o v e r  winding shows very  marked o s c i l l a t i o n s ,  some 
of cons ide rab le  amplitude and th e re fo r e  r e q u i r in g  adequate 
t u r n - t o - e a r t h  i n s u l a t i o n ,  th e  l a y e r  winding r e s u l t s  in  
p r a c t i c a l l y  no o s c i l l a t i o n .  F ig . 8 .3c  shows a comparable 
osc i l log ram  f o r  th e  d isc  winding. The mode o f  connection  
can a f f e c t  the  o sc i l lo g ram s  fo r  maximum v o l tag e  envelope 
d e r iv a t io n  very  c o n s id e ra b ly ,  f o r  ex m p le  in  the  case of an 
i s o l a t e d  n e u t r a l ,  but a l l  the  dem onstra tion  t r a c e s  i l l u s t r a t e d  
i n  F ig .  8 .3  are fo r  impulses app l ied  d i r e c t l y  ac ross  the 
winding with secondary o p e n -c i rc u i te d  and i s o l a t e d .
For examples of i n t e r - t u r n  or i n t e r - t a p p in g  v o l tag es
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Figé 8è3f i s  t y p i c a l  and shows a chopped 1/50 wave and 
the  r e s u l t i n g  vo l tage  between tapp ings  22 and 18, i . e #  
ac ross  the  f i r s t  two d is c s  of th e  d isc  winding. F ig . 8 .3g  
shows a waveform having a very f a s t  f r o n t  app l ied  across  
the  whole of the  d isc  winding w ith  an experimental s t r e s s  
c o n t ro l  r ing  very  c lose  to  th e  l i n e  end d i s c ,  end Fig. 8 .3h  
in d ic a te s  the v o l tag e  across  the f i r s t  h a l f - d i s c  only, i . e .  
between tapp ings  22 ( l i n e  end) and 21. The applied  impulse 
has a c r e s t  amplitude of 500 v o l t s ,  and the  maximum value 
of  the  p o t e n t i a l  across  tapp ings  22 and 21 i s  111 v o l t s  so 
t h a t  i t  i s  ev iden t  th a t  t h i s  p a r t i c u l a r  s t r e s s  c o n t ro l  r in g  
i s  i n e f f e c t i v e .
N eu tra l -C urren t  T e s t s ;
N e u t r a l - c u r re n t  t e s t s  have a l ready  been descr ibed  
in  Chapter 2, and are in  e f f e c t  s p e c ia l  impulse t e s t s  w ith  
the  o b je c t  o f  f a u l t  d e te c t io n .  The e f f i c i e n c y  of the 
method has been considered  by s e v e ra l  au tho rs ,  e s p e c i a l ly  
Hagenguth(319), and Rippon and H ick l in g (3 1 3 ) , and the 
purpose of the p re s e n t  in v e s t ig a t io n  was merely to confirm 
the main f e a tu r e s  o f  th e  p rev ious  work as app lied  to  the 
small experim enta l t rans fo rm er  a v a i l a b le .
All the n e u t r a l - c u r r e n t  t e s t s  were c a r r i e d  out w ith  
a 10-k2 r e s i s t o r  connected between the  winding end remote 
from the l i n e  end, and e a r t h .  The impulse waves were 
app l ied  between the l i n e  end o f  the winding and e a r th ,  
end the n e u t r a l - c u r r e n t  osc il logram s wares recorded from the
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p o t e n t i a l  ac ross  the  lG-k2 r e s i s t o r .  The d isc  winding 
was used in  a l l  c a se s .
F ig .8 . 4a shows the  v;aveform (lower o f  the  two t r a c e s )  
of  n e u t r a l - c u r r e n t  with no f a u l t  app l ied  as a r e s u l t  of  a 
0 .2 /5 0  wave. The upper waveform i s  th a t  of n e u t r a l - c u r r e n t  
when a d i r e c t  s h o r t - c i r c u i t  i s  applied  between tapp ings  21 
and 20. The ap p rec iab le  i n d i c a t io n  of f a u l t  i s  very  ev id en t .  
The a b i l i t y  to  d e te c t  the p o s i t i o n  of the  f a u l t  by n e u t r a l -  
c u r re n t  methods has been debated by the main i n v e s t i g a t o r s ,  
and in  genera l  no r e l i a n c e  I s  put on r e s u l t s  beyond f au ] t  
in d i c a t io n ,  and not always to  t h a t  e x te n t .  However, F ig s .  8.4b 
and 8.4c show f a u l t s  app l ied  between tappings 12 and 13, and 
between 4 and 5 r e s p e c t iv e ly  with  obvious d i f f e r e n c e s ;  t o  be 
of use, such reco rds  would necessr^ri ly  r e q u i re  to  be compared 
w ith  a s tandard  s e t  made a t  the  time o f  manufacture of th e  
t ransfo rm er .
F igs .  8 .4d and 8 .4e  i l l u s t r a t e  the in e f f e c t iv e n e s s  o f  
applying chopped waves fo r  n e u t r a l - c u r r e n t  d e te c t io n  work.
F ig .  8 .4d shows the  n e u t r a l - c u r r e n t  f o r  no f a u l t  and the 
secondary unloaded (lower waveform), while  f o r  the  secondary 
loaded by a r e s i s t a n c e  of 600- the  middle waveform i s  ob ta ined ,  
end i t  w i l l  be noted t h a t  a f t e r  chopping the  r e l a t i v e  
e f f e c t iv e n e s s  o f  the  in d i c a t io n  i s  not n e a r ly  so marked.
F ig .  8 .4e  in d i c a te s  the change by in s e r t i n g  a 3-2 r e s i s t a n c e  
between tapp ings  21 and 20, but here  the post-chop d i f f e re n c e s
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a re  s l i g h t l y  more i l lu m in a t in g .  The e f f e c t  of a coupled 
s h o r t - c i r c u i t e d  tu rn  a t  the  bottom end of  the  winding i s  
demonstrated in  F ig .  8 » 4 f , and in  t h i s  case ,  moving the  
tu r n  to  the top of the  winding gave no apprec iab le  change 
of in d ic a t io n .
Machine Winding T e s t s ;
Probably the  most r e p r e s e n ta t iv e  cases  f o r  in v e s t i g a t i o n  
would be those  of a D.C. s e r i e s - f l e l d  t r a c t i o n  motor o r  a 
h ig h -v o l tag e  a l t e r n a t o r .  Impulse t e s t i n g  o f  t r a c t i o n  motors 
has rece ived  l i t t l e  p u b l i c i t y ,  i f  a t t e n t i o n ,  and i t  may be 
t h a t  in  most cases p a r t  of the  f i e l d  winding, of which the 
i n s u la t io n  might be r e - in f o r c e d  more e a s i l y  than  f o r  the  
armature, may ac t  as an e f f e c t i v e  m o d if ie r  to  r a p id  r a t e s -  
o f - r i s e .  High v o l tag e  a l t e r n a t o r s  have been considered  
r e c e n t ly  by Rohinson(314, 3S8) in  p a r t i c u l a r ,  r a t h e r  more 
from a t h e o r e t i c a l  s ta n d -p o in t  than  as a t e s t i n g  techn ique .
The au thor  had a v a i l a b le  a small motors a l t e r n a t o r  
convertor  s e t ,  and i t  was decided to withdraw the  armature 
completely f o r  t e s t  ( f o r  convenience and s in ce  the absence 
of the yoke would make l i t t l e  d i f f e re n c e  a t  l e a s t  to  i n i t i a l  
d i s t r i b u t i o n ) .  The b ru sh -gea r  was ad ju s ted  f o r  normal 
opera t ion  on the commutator, end impulses app l ied  a t  the 
normal te rm in a l s . -  Tappings were made on v a r io u s  commutator 
segments. F ig .  S.4g shows the  r e s u l t  of applying a 1 /5  
wave to  ad jacen t  brushes  cen tred  on commutator segments 0 and 
19( e a r th e d ) , with tappings on segments 6, 11 ail'd 14. The
c-
^.5a g, 5b
8.5c g.5j
F i ^ . g . 5  . O s g ' i U o q r a w s  r e t a t m cj _ f e _ _ D e U ^  C k b le
13 sl-s  .
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In fe re n c e  i s  t h a t  t h i s  simple r e t r o g r e s s iv e  wave winding 
i s  s u b je c t  to  s im i la r  e f f e c t s  as occur in  tran sfo rm er 
p a th s  d e s p i te  th e  a l t e r n a t i v e  p a th s  in  th e  arm ature, 
bu t th a t  in  p r a c t i c e ,  shunt o r  s e r i e s  elem ents would 
modify th e  s e v e r i t y  of th e  c o n d i t io n s .
Delay Cable T e s ta ;
A f u r th e r  a p p l ic a t io n  of the  R .3 .0 .  i s  to  the  t e s t in g  
of c a b le s ,  f o r  c o n s id e ra b le  impedance i r r e g u l a r i t i e s  o r  
f a u l t  lo c a t io n ,  o r  in  the  case  of good specimens to  
determ ine c h a r a c t e r i s t i c  impedance and t r a n s i t  tim e. The 
p r o p e r t i e s  of v a r io u s  te rm in a t io n s  a t  th e  f a r  end of a 
cab le  in  g iv in g  s ig n i f i c a n t  r e f l e c t i o n s  which may be 
reco rded  a t  the n e a r  end are well-known, end i t  i s  t h i s  
techn ique  which a p p l ie s  to  the  p r e s e n t  s tudy .
Three c o -a x ia l  c ab le s  of s l i g h t l y  d i f f e r e n t  
c h a r a c t e r i s t i c s  were a v a i la b le  % a le a d  covered s o l id -  
d i e l e c t r i c  ty p e ; a b ra id e d -sh e a th  a i r - s p a c e  d i e l e c t r i c  
ty p e ; end a b ra id e d -sh e a th  so l id  d i e l e c t r i c  ty p e .  The 
f i r s t  o sc il lo g ra m , F ig . 8*5a, i l l u s t r a t e s  th e  d e lay  (about
t0 .35  ijsec) and f r o n t  d i s t o r t i o n  e f f e c t s  o f  th e  le a d -sh e a th e d\
Cable, th e  t r a c e s  be ing  taken  a t  th e  n e a r  and f a r  ends \  
w ith  a te rm in a t in g  r e s i s ta n c e  o f 72 2 ( = Zo) a t  th e  f a r  end\ 
The c a lc u la te d  delay  time f o r  th e  60 yards  o f c a b le ,  u s in g  ' 
m a n u fa c tu re r’ s d a ta ,  I s  0#37 usee . F ig . 8 .5b  shows 
how the  "Amplified P u lse"  f a c i l i t y  may be used to  determ ine
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th e  c h a r a o to r i s t lo  impedance o f  the a i r - sp a c e d  cab le  
even though the  p u lsa  d u ra t io n  i s  c o n s id e ra b ly  in  excess  
o f tw ice th e  cab le  t r a n s i t  t i n e .  The th re e  t r a c e s ,  taken  
a t  th e  nea r  end, a re  taken  w ith  "matching" r e s i s t a n c e s  
o f  972 , 1022, and 1072 a t  th e  f a r  end, and from which th e  
1022 co n d i t io n  i s  accep ted  as b e s t .  This i s  a lso  c lo s e s t  
to  th e  m anufac tu re ras  s p e c i f i c a t i o n  of approx im ately  IOO2 ,
For the s o l i d - d i e l e c t r i c  c ab le  w ith  b ra id e d  sh e a th ,  F ig ,8 ,5 c  
shows the  e f f e c t  o f app ly ing  an Impulse waveform to  the 
n e a r  end w ith  th e  f a r  end s h o r t - c i r c u i t e d  (lower sq u a r ish  
waveform), matched (middle Impulse weveform), and open- 
c i r c u i t e d  ( la rg o  s tepped  waveform), th e  o sc il lo g ram s  being 
taken  a t  th e  n ea r  end and w ith  a send ing-ead  impedance 
somewhat g r e a te r  th an  th e  c h a r a c t e r i s t i c  impedance.
F ig , 8 ,5 d  I l l u s t r a t e s  the r e s u l t  of te rm in a t in g  th e  l i n e  w ith  
an induc tance  of 3mH (s tepped  w ave), and a c sp a o ita n c a  o f  
0 ,01  |iF (waveform w ith  lo n g e r  f r o n t ) .  F ig , 8 ,5 e  shows the  
s h o r t - c i r c u i t e d  te rm ln n tio n  case o f  F ig , 8 ,5 e  on a l a r g e r  
s c a le .
An a r t l f i d a l  l i n e  was a v a i la b le  which had been c o n s tru c te d  
e a r l i e r  fo r  experim en ta l p u rp o ses , and which c o n s is te d  of 
s ix te e n  induc tance  and c ap ac itan c e  s e c t io n s  ( 1 = 1 .6 2  h!î, C-=82pF)i 
th e r e  be ing  no in t e n t i o n a l  coup ling  between in d u c to r s .  For 
t h i s  l i n e  the  approximate p r o p e r t i e s  a re ;  2o A «/X/^ =1502 I
C u t-o f f  frequency  1^  ^ = 2 6 .1  Mc/s; a n d 'd e la y  p e r
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s e c t io n  = = I S ,8  mfisec. The o v e r a l l  d e la y  should
th e re fo r e  be 0,195 useo . F ig . 8 .6 f  shows th e  in p u t and 
o u tpu t (de layed) waveforms, the  p u lse  be ing  g en e ra te d  using  
th e  "A m plified  P u lse"  f a c i l i t y .  The most s u i t a b le  
te rm in a t in g  r e s i s t a n c e . f o r  m atching was found by experim ent 
to  be spjproxim ately 1302, w h ile  the  d e la y  as  measured from 
th e  o sc il lo g ram  0,18  |j.sec*, ag rees  c lo s e ly  w ith  the  
t h e o r e t i c a l  f ig u r e .
R e f le c t io n  t e s t s  were a lso  perform ed on one phase o f  a 
th re e -p h a se  132-W  p ip e - l i n e  com pression cab le  as d e sc r ib e d  
in  P a r t  2 , C hapter S. Impulse waveforms were found to  be 
most s a t i s f a c t o r y  in  t h i s  c a se ,  th e  f i r s t  in  which th e  
t r a n s i t  tim e was c o n s id e ra b ly  in  excess  o f  th e  im p u lse /p u lse  
d u ra t io n .  T yp ica l r e s u l t s  a re  d is c u s se d  in  P a r t  2 and are  
compared w ith  r e s u l t s  o b ta in ed  by o th e r  m ethods. Some 
o sc il lo g ra m s  a re  in c lu d ed  in  P a r t  2 , Appendix D (Nos, D7, D8 
and D9).
J.
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Chapter 9 
Conoluaion
À s e l f - c o n ta in e d  equipment has been designed  f o r  
th e  impulse t e s t i n g  o f  tra n s fo rm e r  and machine windings 
in  p a r t i c u l a r ,  but as has been in d ic a te d ,  many o th e r  h igh  
speed r e p e t i t i v e  t r a n s i e n t  phenomena can a lso  be in v e s t ig a te d *  
Compared w ith  p rev ious  equipm ents(103, 104, 105, 108, 109, 
110), i t  i s  considered  th a t  t h i s  new in s tru m en t,  though 
perhaps l a r g e r  in  p h y s ic a l  s in e ,  i s  more comprehensive and 
v e r s a t i l e  than  i t s  p re d e c e sso rs ;  a p u lse  g en e ra to r  f a c i l i t y  
i s  p rov ided  fo r  th e  in v e s t ig a t io n  of netw orks; c a l ib r a t i o n  
f a c i l i t i e s  f o r  both  X and T axes are  d i r e c t l y  a v a i la b le ;  
almost continuous v a r i a t io n  o f  impulse wave shape w ith in  
th e  norm ally  accepted  l i m i t s  I s  p o s s ib le ,  and o th e r  s p e c i f i c  
requ irem ents  can be met by th e  in s e r t io n  of s u i t a b le  c i r c u i t  
e lem ents; the  tim ing  sequence a s so c ia te d  w ith  t r a c e  
i n i t i a t i o n  p e rm its  photographic  reco rd in g  of h igh  q u a l i ty ;  
th e  10-kV C.R. tube g iv e s  a h ig h - d e f in i t io n  t r a c e  o f  adequate 
b r ig h tn e s s  fo r  d i r e c t  v is u a l  o b se rv a tio n  of the f a s t e s t  tim e- 
sweeps in  d a y l ig h t ;  and unsymmetrical v o lta g e s  w ith  r e s p e c t  
to  e a r th  may be d isp la y ed  w ith  good o v e ra l l  fo cu ss in g .
The des ign  of such an equipment has in troduced  s e v e ra l  
problem s, v iz .  the*h igh -speed  high v o lta g e  p u sh -p u ll  timebase 
f o r  r e p e t i t i v e  w orking, th e  pu lsed  c a l i b r a t i o n * o s c i l l a t o r
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fo r  h igh f re q u e n c ie s ,  and th e  impulse g e n e ra to r  which 
w i l l  g ive  smooth waveforms and a t  th e  same time an 
e x c e p t io n a l ly  h igh  r a t e - o f - r i s e  o f  f r o n t .  These problems 
have been s u c c e s s fu l ly  so lv ed , J i t t e r ,  which was th e  main 
o b s ta c le  to  p ro g re ss  by e a r l i e r  i n v e s t i g a to r s ,  has been 
almost c l in in a t e d  as a d i f f i c u l t y  by th e  use of th e  hydrogen 
th y ra t ro n  sw itch , which a p a r t  from being  a p r e c i s io n  tim ing  
dev ice , has th e  added advantage o f h an d lin g  la rg e  peak 
c u r r e n ts  though of sm all p h y s ic a l  s i z e .  Hot on ly  has th e  
hydrogen th y ra t ro h  been used in  th e  p ro d u c tio n  of wavefoacma, 
bu t u s ing  th e  R , 3 . 0 . , i t s  f i r i n g  c h a r a c t e r i s t i c s  have been 
s u p e r f i c i a l l y  In v e s t ig a te d ,  s u f f i c i e n t l y  i t  i s  f e l t  to  
in d ic a te  t h a t  a more d e t a i l e d  s tudy  o f  b a tch es  o f  th y ra t ro n s  
(having a v a r i e ty  o f  gas f i l l i n g s )  working under d i f f e r e n t  
c i r c u i t  co n d it io n s  m ight be o f  v a lu e .
Other s p e c ia l iz e d  a p p l ic a t io n s  in  which th e  R.8.0# 
might be u t i l i z e d ,  as a com plete in s trum en t using  th e  impulse 
g e n e ra to r  o r as a r e p e t i t i v e  h igh -speed  o s c i l lo g ra p h ,  are 
p h o to - e l e c t r i c  s tu d ie s ,  m icro-gap s tu d ie s  in  vacuum or in  
gases under v a r io u s  p re s s u re s  (some work concern ing  automobile 
spark ing  p lu g s  has been undertaken  by th e  E.E.A, (10#)), and 
indeed any su b je c t  where r e p e t i t i v e  o p e ra t io n  i s  p o s s ib le  
and where, f o r  example, d e - lo n iz a t io n  and s im i la r  a f t e r - e f f e c t s  
a re  complete b e fo re  th e  n ex t cy c le  commences. O r ig in a l ly ,  
i t  had been in tended  to  In c o rp o ra te  a s in g le - s t r o k e  f a c i l i t y ,
■C,
87
and such working i s  s t i l l  p o s s ib le  in  some cases  by 
in j e c t i n g  p o s i t i v e  t r i g g e r in g  s ig n a l s  to  the  f i r s t  t r i g g e r  
g e n e ra to r ;  the  tim ebase c i r c u i t  however, being  designed 
f o r  r e p e t i t i v e  o p e ra t io n ,  may g ive  d i s t o r t e d  d is p la y s  under 
such c ircum stances .
The equipment was designed  a t  the  time when the  
normal s iz e d  va lve  was beginning  to  be re p la c e d  f o r  many 
purposes by the  m in ia tu re  v a lv e , and in  any fu tu re  designs 
i t  i s  l i k e l y  t h a t  much space could be saved in  th i s  way. 
T yp ica l changes in  v a lv es  which might be made would be 
the  M ullard  2DE1 f o r  th e  B.T.E. BT19 th y r a t r o n ,  th e  M ullard  
ECC82 fo r  th e  6SN7, end th e  Brimar 6CEÔ f o r  th e  M ullard 
EF55. For th e  10-kT supply  to  th e  G.H# tu b e ,  a h ig h -  
frequency  o s c i l l a t o r / r e c t i f i e r  arrangem ent, now accepted  
as f u l l y  r e l i a b l e  and com m ercially  o b ta in a b le ,  would p robab ly  
r e a l i z e  a sav ing  in  space, b u t i t  i s  d o u b tfu l  i f  the  o th e r  
power packs could  be a p p re c ia b ly  reduced in  s iz e  o r w eigh t. 
The b o o ts tra p  tim ebase c i r c u i t  h e re in  d esc r ib ed  has proved 
v e ry  r e l i a b l e  bu t i t  r e q u i r e s  a c o n s id e ra b le  power supply ; 
also# i t  was designed b e fo re  confidence had been e s ta b l i s h e d  
in  hydrogen th y ra t ro n  o p e ra t io n ,  and th e  au tho r now c o n s id e rs  
th a t  a tim ebase such as t h a t  d e sc r ib ed  by Hardy(211) would 
p ro b ab ly  be l e s s  bu lky  and re q u ire  l e s s  power. The 9081C0
C.R. tub© has been most s a t i s f a c t o r y  and so f a r  th e  on ly  
advance which might be suggested  i s  th e  use o f  one o f  th e
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high-speed  multi-beam  tubes  which are becoming a v a i la b le .
For f in e  focus , end low r e p e t i t i o n  f re q u e n c ie s ,  th e  
seemingly high a c c e le ra t in g  v o ltag e  of lOkY i s  f u l l y  
J u s t i f i e d ,  and th e  au thor sees  l i t t l e  advantage in  th e  
use of p o s t - d e f le c t io n  a c c e le ra t io n  tubes  in  an R .S .O ., 
except perhaps f o r  th e  exam ination of small in t e r - tu r n  
v o l ta g e s ,  a requirem ent which could be e q u a l ly  w ell c a te re d  
f o r  using a good p u ls e  a m p li f ie r .
With reg ard  to  r e p e t i t i o n  frequency, experim ents 
were undertaken  to  produce an impulse g e n e ra to r  c i r c u i t  
working a t  £50 c / s .  The arrangement comprised an a s ta b le  
m u l t iv ib r a to r  o pera ting  a t  the  d e s ire d  recu rren ce  frequency , 
g a t in g  two Mazda 12E1 te t r o d e s  in  p a r a l l e l  to  a llow  impulse 
g e n e ra to r  charg ing  during  one h a l f  o f th e  cyc le  from a
D.C. supp ly , and p e rm it t in g  tim ebase and impulse g e n e ra to r  
t r ig g e r in g  during the  o th e r  h a l f - c y c le .  The l i m i t  o f  t h i s  
arrangement seems to  be th e  convenient power which may be 
sw itched by the  ISEl v a lv es ,  so t h a t  im pulse am plitude 
i s  r e s t r i c t e d .  The maximum recu rrence  frequency  d e s ira b le  
i s  about 500 c / s  in  the a u th o r ’ s op in ion , and an equipment 
designed to  o p era te  from a 500 c / s  supply would d i f f e r  
l i t t l e  from the  50 o /s  design  h e re in  d e sc r ib e d , except th a t  
a sm all a l t e r n a t o r  s e t  would be re q u ire d  a d d i t io n a l  to  the 
equipment. Taking th e se  f a c to r s  in to  account, and in  view 
of th e  s a t i s f a c t o r y  performance of the  50 c / s  des ign , i t  i s
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conside red  t h a t  th e  low er a c c e le r a t io n  p o t e n t i a l  a llow ab le  
in  o b ta in in g  adequate t r a c e  b r i l l i a n c e  w ith  a 500 c / s  design  
i s  not s u f f i c i e n t  to  j u s t i f y  a recommendation fo r  a h ig h e r  
r e p e t i t i o n  frequency . The method o f d isp la y in g  impulse 
waveforms and c a l i b r a t i o n  o s c i l l a t i o n s  a l t e r n a t e l y ,  each 
50 tim es n second, on a 1 0 0 -c /s  r e p e t i t i v e  tim ebase i s  
however considered  commendable,
M experim en ta lA Sub trao tive  T o ltàge  D iv id e r  s im i la r  to  
t h a t  d esc r ib ed  by Foust and H ohats(S07), and w ith  a p u lse  
a m p li f ie r ,  has been b u i l t ,  bu t f o r  most p u rposes , d i r e c t  
reco rd ing  o f  v o l ta g e s  between ta p p in g s  removed from e a r th  
' '  has  been s a t i s f a c t o r y ,  p rov ided  astigm atism  c o r r e c t io n  i s
a v a i la b le .  The conclusion  i s  th a t  th e  a d d i t io n a l  com plica tion  
of the  S u b tra c t iv e  Voltage D iv ide r i s  no t g e n e r a l ly  w arran ted . 
No cap ac itan c e  tapp ing  c i r c u i t s  s im i la r  to  those  d esc r ib ed  by 
Robinson end Oray(102) have been in v e s t ig a te d .
For a l l  normal p u rp o ses , th e  range of time-sweeps from 
about 0 .3  to  150 m icroseconds has proved adequate , b u t  fo r  
c e r t a i n  w indings having low n a tu r a l  f re q u e n c ie s  and fo r  long  
c a b le s ,  say  o f th re e  or fo u r  m ile s  in  le n g th ,  th e  e x te n s io n  of 
time-sweep ranges beyond 150 m icroseconds would be d e s i r a b le .  
This could be a t ta in e d  by m odifying th e  tim ing  c i r c u i t  o f  the  
b o o ts t ra p  tim ebase , o r  by ex tend ing  th e  ranges  o f ,  s a y ,  Hardy’ s 
c i r c u i t  i f  a new design  were contem pla ted . A correspond ing
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In c re a se  in  m odula tion  p u ls e  d u ra t io n  would a lso  be 
n e c e s sa ry ,  b u t  th e n  such o p e ra t io n  i s  e q u a l ly  w i th in  
th e  f i e l d  o f  many com m ercia lly  made o s c i l lo g ra p h s  whose 
a t t r i b u t e s  th e  p re s e n t  R.S.O* was never in ten d ed  to  have#
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iÜPFSNDIX 
Small D em onstretion T ransform er
F ig . 11 .1  o p p o s ite  shows th e  t ra n s fo rm e r  c o re ,  o f  
th e  two limb ty p e ,  having in te r le a v e d  bottom yoke and 
top  b u t t  j o i n t ,  com plete w ith  frame and two c ro ss -c h an n e l 
mounts. The tra n s fo rm e r  i s  app rox im ate ly  two f e e t  h ig h .
A low -vo ltage  c o i l ,  wound on in s u la t in g  tube , s l i p s  over 
one of th e  lim b s , and has  s h o r t  copper b a r s  w ith  b o l t in g  
h o le s  fo r  co n n ec tio n s . There a re  th re e  h ig h -v o l ta g e  
w ind ings, any one of which may be s l ip p e d  over th e  lo w -vo ltage  
c o i l  a l re a d y  in  p o s i t i o n .
One h ig h -v o l ta g e  w inding i s  of th e  c ro s s -o v e r  ty p e , 
c o n s is t in g  of e ig h t  c o i l s  of approx im ate ly  250 tu rn s  each 
assembled on in s u la t in g  tu b e .  Tappings a re  p rov ided  on 
the  c o i l s ,  two i n  each of the  f i r s t  two c o l l s ,  and one in  
each o f  th e  rem ainder, and a ls o  a t  th e  s e r i e s  j o i n t s  between 
h a l f - c o i l s  g iv in g  e lev en  ta p p in g s  i n  a l l .  Three e x t r a  
tap p in g s  have been In s e r te d  n e a r  th e  l i n e  end f o r  s p e c ia l  
experim en ta l p u rp o ses . The t o t a l  B.C. r e s i s t a n c e  of th e  
winding i s  15 ohms.
The second h ig h -v o l ta g e  w inding i s  o f  the  d is c  ty p e , 
c o n s is t in g  o f fo u r te e n  d o u b le -s e c t io n  d isc  c o l l s ,  assembled 
on in s u la t in g  tube w ith  sp a c e rs  between c o i l s  and s e c t io n s .
A ll th e  o u ts id e  j o i n t s  a re  tspped  and a lso  t h e  in s id e  j o i n t s
101
over th e  f i r s t  h a l f  of t h e  s ta o k  g iv in g  2S ta p p in g s  i n  
a l l .  F ive  e x t r a  tap p in g s -h av e  been in s e r t e d  n e a r  th e  
l i n e  end, The t o t a l  D.G. r e s i s t a n c e  i s  0 .6  ohms.
The t h i r d  h ig h -v o l ta g e  w inding i s  o f  th e  l a y e r  o r  
s p i r a l  ty p e , c o n s is t in g  o f about 2040 tu rn s  wound i n  e lev en  
l a y e r s  on in s u la t in g  tu b e . Two ta p p in g s  a re  p ro v id ed  on 
the  o u te r  l a y e r  and one on the  n e x t - t o - o u te r  l a y e r ,  a l s o  
tw elve e th e r  ta p p in g s  a t  l a y e r  ends making f i f t e e n  tapp ings  
in  a l l .  The t o t a l  D.G. r e s i s t a n c e  i s  15 ohms.
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PART 8 -  THE RECOVERY VOLTAGE INDICATOR
Chapter 1
An In t ro d u c t io n  to  the  Problem, and G eneral Requirements
Recovery v o lta g e s  occur between the  opening c o n ta c ts  
o f  a c i r c u i t  b reak e r  which has been caused to  o p era te  due 
to  overload  o r in  the  course  o f  normal sw itch ing  p rocedu re . 
E s p e c ia l ly  due to  th e  p rev io u s  f a u l t  c o n d i t io n s ,  o r  to  
inopportune in t e r r u p t io n  o f  l i g h t  c u r r e n ts ,  th e se  recovery  
v o lta g e s  may be v e ry  c o n s id e ra b le  end o f te n  capable  of 
causing  th e  r e s t r i k i n g  o f an a rc  a f t e r  an i n i t i a l  c le a ra n c e .
Such v o l ta g e s  are  o s c i l l a t o r y  in  n a tu re ,  decaying and having 
fundam ental and o th e r  component f re q u e n c ie s  dependent on 
th e  param eters  ( in d u c tan ce , c a p ac itan c e  and r e s i s t a n c e )  of 
th e  system to  which the  c i r c u i t  b re a k e r  i s  connected .
Due to  th e  c u r re n t  flow ing b e fo re  a c i r c u i t  b reak e r  
opening o p e ra t io n  ta k e s  p la c e ,  energy i s  s to re d  in  th e  system 
inductance and cap ac itan c e  (which are  re p re se n te d  fo r  
s im p l ic i ty  by th e  s in g le  elem ents in  F ig . l . l ) a n d  i t  i s  t h i s  
energy which, a f t e r  c i r c u i t  b reak ing  has taken  p la c e ,  
d i s s ip a te s  i t s e l f  as an o s c i l l a t o r y  c u r re n t  in  th e  system and
Xproduces recovery  v o l ta g e s  a t  th e  c i r c u i t  b re a k e r(D l, D2, D3,D6 ] 
X These numbers r e f e r  to  o sc il lo g ram s  in  Appendix D.
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I d e a l ly ,  o ir o u it  breaker oon taote would open q u ick ly
and p r e c is e ly  as the a lte r n a t in g  curren t flow ing through
the c ir c u i t  breaker was p assin g  through a zero value
(R ef.1 0 8 , Chapter^3), but in  p r a c tic e  t h is  i s  seldom the
c a se . Current in terru p tio n  at in s ta n ts  s u c c e s s iv e ly  e a r lie r
than th a t corresponding to  the curren t zero , g iv e s  r is e
to  in c r e a s in g ly  severe recovery v o lta g e s , and a consequent
in creased  p r o b a b ility  o f  a r e s tr ik e  (fo r  a con stant value
o f system  cu rren t)(D 3 )• Under c e r ta in  c o n d it io n s , fo r  a
c ir c u i t  breaker operated to c le a r  a normal l ig h t  system
cu rren t, in terru p tio n  may sometimes take p la ce  near the
peak value of system curren t r e s u lt in g  in  a la rg e  a n g le -o f-
•  '* * chop ( i . e .  degrees before curren t zero) and dangerous
recovery v o lta g e s .  T ig . 1 .2  i l lu s t r a t e s  the above
co n d itio n s  end n o tes some sim ple m athem atical r e la t io n sh ip s ;
see a lso  Appendices A and B.
f h i l e  the p o s s ib le  danger from la rg e  an g les-o f-ch op
has been s tr e s se d , c e r ta in  d esign ers c o n fid e n t ly  expect
chopping o f  appreciab le cu rren ts fo llow ed  by r e s tr ik in g ,
.clearing, r e s tr ik in g  e t c . ,  in  the form o f  à r e la x a t io n
o s c i l la t io n  o f curren t u n t i l  a f in a l  c learan ce i s  a tta in ed .
The ra th er  random nature o f  such r e la x a t io n  o s c i l la t io n s ,
and the presen t d i f f i c u l t y  o f d e fin in g  the exac t con d ition s
fo r  th e arc to  be su sta in ed  or ex tin g u ish ed , make the
experim en tal rep resen ta tio n  ( e s p e c ia l ly  in  m in ia ture) o f a
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c e r t a in  p a r t i c u l a r  s e t  of c ircum stances  in  a g iven 
c i r c u i t  b reaker connected to  a system o f known c h a r a c t e r i s t i c s  
w i l l  nigh im possib le . F o r tu n a te ly ,  i t  I s  not a p a r t i c u l a r  
s e t  o f  c i rc o n s ta n c e s  which m a t te r s ,  b u t the  most extreme 
co n d it io n s  fo r  the  p ro d u c tio n  o f  dangerous recovery  v o lta g e s .
C i r c u i t  s e v e r i ty  i s  the  term g iven to  the  conception  
by which v arious  systems in c lu d in g  c i r c u i t  b reak e rs  can be 
compared. I t  i s  of r a th e r  dou b tfu l v a lu e ,  s ince  not on ly  
are th e  system param eters  involved , but a lso  th e  c i r c u i t  
b reak er  c h a r a c t e r i s t i c s  and the p ro te c t iv e  dev ices , such as 
ohmic o r  non-ohmic r e s i s t i v e  shun ts , a s so c ia te d  w ith  the 
c i r c u i t  b reak er. From the a n a ly t i c a l  and experim enta l 
p o in ts  of view, only  the  system param eters  and, say , an 
ohmic shunt a t  th e  c i r c u i t  b reak er  which may be considered  as 
a system param eter, a f fo rd  reasonab le  com parisons. I t  i s  
to  th e  in v e s t ig a t io n  of th e se  param eters  th a t  the experim enta l 
and a n a ly t i c a l  techn iques  h e re in  developed are  confined , l i t t l e  
cognizance being taken  o f  r e la x a t io n  o s c i l l a t i o n s ,  arc 
c o n d i t io n s ,  o r  th e  design  o f  in d iv id u a l  c i r c u i t  b re a k e rs .
This l im i t io n  i s  no t only  p ruden t bu t s a t i s f a c to r y ,  s in ce  
th e  in fo rm ation  ob ta ined  a s s i s t s  d es ig n ers  in  th a t  the  
most severe se rv ic e  co n d it io n s  may be p re d ic te d  and s u i ta b le  
f a c to r s  o f  s a fe ty  allowed.
The m athem atical a n a ly s is  fo r  chopping a t  any in s ta n t  
in  th e  a p p ro p r ia te  q u a r te r - c y c le  of c u r re n t ,  to  produce a
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s in g le  f requency  recovery  v o l ta g e  from a simple system 
of lumped p a ram ete rs ,  i s  g iven in  Appendix B. An 
experim enta l  a p p a ra tu s ,  u s ing  a m in ia tu re  techn ique ,  
which i n j e c t s  i n t o  th e  system under i n v e s t i g a t i o n  what 
i s  supposedly the  l e s t  h a l f - c y c l e  of  c u r r e n t  (o r  p a r t  
t h e r e o f  due t o  c u r re n t  chopping) r e p e t i t i v e l y  f i f t y  
t im es  p e r  second, and o s c i l l o g r a p h i c a l l y  d i s p la y s  th e  
v o l ta g e s  produced by th e  system a f t e r  c e s s a t i o n  o f  th e  
c u r re n t  ( i . e .  recovery  v o l ta g e s )  i s  d e sc r ib e d  in  Chapter  3 
e t s e q .  Th is  appara tu s  u ses  what may be desc r ibed  as 
 ^ ^The Extended Half-Wave I n j e c t i o n  Method’*, fo l low ing  on
the  work of S.Y. King who suggested  the  simple Half-Wave 
I n j e c t i o n  Method which was r e s t r i c t e d  to  zero -pause  
recovery  v o l t a g e s .
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Chapter Z 
An H i s t o r i c a l  Burvey
When reviewing p a s t  work on Recovery Voltage
I n d ic a to r s ,  i t  i s  d e s i r a b le  t o  co n s id e r  a lso  th e  background
which le d  to  t h e i r  development -  a background, which by
v i r t u e  of the  many types  and o p e ra t in g  co n d i t io n s  o f
c i r c u i t  b reak e rs  in  use ,  i s  n e c e s s a r i l y  of  wide extent#
The B ib liography (Chapter 10) th e re fo r e  c o n ta in s  a
s e l e c t io n  of the  more important papers  on arc  gap
c o n d i t io n s ,  methods of  p r e d ic t in g  recovery  v o l ta g e s  f o r
p r a c t i c a l  systems, c i r c u i t  b reake r  t e s t i n g ,  some p r o t e c t i v e
d ev ices ,  and th e o ry ,  as w ell  as the  com p ar i t lv e ly  few
papers  concerned w ith  a p r a c t i c a l  m in ia tu re  technique#
S er ious  re se a rc h  on v a r io u s  a sp e c ts  of sw itchgee r ,
e s p e c i a l l y  arc  r u p tu re ,  began in  Great B r i t a i n  in  1922
munder the  ausp ices  of th e  E.R.A* • The paper  by Widmore, 
vVhitney and Bruce(1) i s  concerned mainly w ith  a rc in g  and 
the  n e c e s s i t y  f o r  avoiding r e s t r i k i n g ,  w hile  l i t t l e  or  no 
mention i s  made of  recovery  v o l ta g e .  In  the United S t a t e s ,  
S lep ian (2 )  was c a r ry in g  out i n v e s t i g a t i o n s  i n t o  th e  A.G. 
arc and suggested  t h a t  ev en ts  n ea r  a c u r r e n t  zero  were 
due to  a race  between r i s e  o f  vo l tage  and a p ro p e r ty  o f  the
% The B r i t i s h  E l e c t r i c a l  and A ll ied  I n d u s t r i e s  Research 
A sso c ia t io n .
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a ro -p e th  changing w ith  t ime. The advent of Improved 
cathode ray  o s c i l lo g ra p h s  a c c e le ra te d  th e  s tudy of 
r e s t r i k i n g  and recovery  v o l ta g e s .  No simple th e o ry ,  
however, was forthcoming and a lthough a l a rg e  amount o f  
re sea rch  has been c a r r i e d  out on the p h y s ic a l  mechanism 
of arc e x t in c t io n  in  c i r c u i t  b re a k e rs ,  no complete th e o ry  
has ye t  been produced. C a ss le (4 ,7 ,1 9 ,2 0 )  of  the  E.R.A# 
propounded an energy balance th e o ry  (CIGHE paper No.102 of 
1959) which a p p l ie s  i n  p a r t  to  c e r t a i n  arc c o n d i t io n s  
e s p e c i a l l y  near  c u r re n t  zero ,  w hile  fo r  o th e r  c o n d i t io n s ,  
r e s u l t s  tend to  bear  out S lep ian*s  r a t e - o f - r i s e  th eo ry ,  
or  a combination of bo th  t h e o r i e s .  VJhat seems f a i r l y  
c e r t a i n  i s  th a t  a complete theo ry  w i l l  have to  take  in to  
account the many c i r c u i t  b reaker  c h a r a c t e r i s t i c s .  Ah u p - to -  
da te  account of the  work on t h i s  s u b je c t  i s  g iven  in  the 
book on C i r c u i t  Breakers  e d i te d  by Trencham(lOl).
The e v a lu a t io n  o f  reco v e ry  v o l tag es  was considered in  
papers  by Park and Skeats{3) In 1931, Boehne(6), Dannatt and 
G oodall(8 ) ,  end Gosland(lO) in  1935 w ith  the  o b je c t  o f  using  
r a t e - o f - r i s e  of recovery  vo l tag e  ( r .  r .  r . v . )  in  some measure 
as a c r i t e r l c n o f  c i r c u i t  s e v e r i t y .  The knowledge of such 
r a t e s - o f - d s e  was a t  l e a s t  a method o f  sp ec i fy in g  t e s t i n g  
s t a t i o n  co n d i t io n s  f o r  c i r c u i t  b reak e rs .  Boehne(6) 
in troduced  a f u r t h e r  id e a ,  t h a t  of c i r c u i t  recovery  impedance■C.
as a " t r u e  measure of c i r c u i t  s e v e r i t y " ;  f o r  a s in g le
I l l
il.f requency case  t h i s  recovery  impedance G • Boehne a l so
suggested v a r ious  L, C and R combinations as the e q u iv a le n t  
c i r c u i t s  f o r  l i n e s ,  machines and t ra n s fo rm e rs .  Gosland(lO) 
of  the  E.R.A. conducted t e s t s  comparing exper im enta l  recovery  
v o l tag es  from r e l a t i v e l y  simple lumped-constant L, C end R 
combinations with  m athem atica l  p r e d i c t i o n s ;  a l t e r n a t o r  
windings s h o r t - c i r c u i t e d  through an e x t e r n a l  r e a c to r  provided 
the t e s t  c i r c u i t ,  the  n a t u r a l  f re q u e n c ie s  of  the  r e a c t o r  being 
measured b y ^ in je c t in g  an o s c i l l a t i o n  of v a r i a b le  frequency 
and observing p h a s e - r e l a t i o n s h lp s  by L iesa jou^s  f i g u r e s  on 
a s e a l e d - o f f  cathode ra y  o s c i l lo g ra p h ,  w hile  ac tu a l  recovery  
v o l tag es  were ob ta ined  from normal sw itch ing  t e s t s .
The f i r s t  paper  on "The R es t r ik in g -V o l tag e  I n d ic a to r "  
(more c o r r e c t l y  a Recovery-Toltage I n d ic a to r )  was pub l ished  
in  1957 by Trencham and U'ilkinson(14) of  the  B r i t i s h  Thomson- 
Eouston Company. The appara tus  used a s o a le d -o f f  cathode 
ra y  tube ,  the  time-sweep being  ob ta ined  by a d e f l e c t i o n  c o i l  
e x c i te d  from a 50 c / s  supply , and th e  recovery  v o l ta g e ,  
am p li f ied ,  was a p p l ied  to  a pair o f  d e f l e c t io n  p l a t e s .  By 
modern s tanda rds  the  timebase and some o th e r  c i r c u i t  a r range­
ments appear a l i t t l e  c rude ,  bu t they  seem to  have been 
e f f e c t i v e  enough. Dannatt and Goodall(8) had e a r l i e r  
suggested th a j  i n s t e a d  of s im u la t in g  an id e a l  sw itch ing  
o p e ra t io n ,  i . e ,  removing a c u r r e n t  o f  s in u s o id a l  form from
Lurrcn( Su SWttc
I
y  * I 1 / ,v-o
lk.v| rA K'«
 \  s
"To bhtai^
J
CirCu't o j  R M l .
Ti'enclnaw a^d Vv^’ik ii^son ((937]
'=rfMC4#lh%1O---------------- - rp-s-j u
P* w. p i* ^l'jier
TTiuc - 5u>f L 
Coil '
FronA br'eo.ke*' tcmiMdls   — o E
Ç- M '  * ^VyVVV^ —I Ic -o£
Mo<^ 'j4Ca 1^1 i -OK \D a ll ocO
r n i'rc  kJ/ tUo l^ i^u  ^ -
Wi I^cunT-OWv ( 1
w
112
the  system, an I n j e c t i o n  method us ing  a c u r r e n t  o f  s i m i l a r  
form in j e c te d  i n t o  th e  system 'whose te rm in a l s  were th e  open 
b re a k e r ,  might be f e a s i b l e .  This l a t t e r  method re q u i re d  
access  to  th e  system a t  one p o in t  on ly  and was adopted by 
Trencham and Wilkinson f o r  t h e i r  a p p a ra tu s .  The p r i n c i p l e  
of  the  c u r r e n t  surge g en e ra to r  i s  i l l u s t r a t e d  oppos i te  
( F ig .2 .1 ) .  In s te a d  of i n j e c t i n g  a s in u s o id a l  c u r r e n t ,  a 
l i n e a r l y  r i s i n g  c u r r e n t ,  which approximates to  the  s in u so id  
over th e  f i r s t  s e v e ra l  hundred microseconds,  was used and 
genera ted  in  a high impedance c i r c u i t  so t h a t  th e  e f f e c t s  
o f  load  impedance would be un im portan t .  This  i n j e c t i o n  was 
r e p e t i t i v e ,  f i f t y  times a second, and the  time*sweep was 
synchronised  w ith  the  c u r re n t  i n j e c t i o n  so t h a t  the  recovery  
v o l ta g e  could be observed on the  cathode ray  tube s c re e n .
An a l t e r n a t i n g  v o l ta g e  a t  c r e s t  va lue  ( i . e .  a s t e p - f u n c t io n  
o f  p o t e n t i a l )  suddenly app l ied  to  a p e r f e c t  in d u c to r  causes  
a l i n e a r l y  r i s i n g  c u r r e n t  to  flow and a lso  can have the 
"c o n s ta n t  c u r r e n t"  o r  h igh  impedance g e n e ra to r  c h a r a c t e r i s t i c .  
U n fo r tu n a te ly ,  the  s e l f - c a p a c i t a n c e  of a s u i t a b l e  in d u c to r  
d i s t o r t s  the  c u r re n t  waveform, and a mutual induc tance  was 
used in s te a d ,  the surge c u r re n t  being o b ta ined  from a secondary 
winding c a r e f u l l y  screened  e l e c t r o s t a t i c a l l y  from the prim ary . 
The au thors  s t a t e  t h a t  th e  ins trum ent i s  su l . tab le  f o r  
a p p l i c a t io n  to  system impedances ( a t  50 c / s )  of i?^05 to  20 ohms,
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v a r ious  windings being provided  f o r  th e  mutual inductance 
of the  g e n e ra to r  c i r c u i t  t o  cover t h i s  range; dep a r tu re  
from a l i n e a r  c u r r e n t  r i s e  due t o  eddy c u r r e n t s  in  th e  
mutual coupling  wns a lso  encountered but a measure of  
c o r r e c t io n  was p rov ided .  Goaland, in  the  d is c u s s io n  
consequent on th e  above p aper ,  g iv e s  d e t a i l s  of a number 
of com parit ive  t e s t s  w ith  recovery  v o l ta g e s  ob ta ined  from 
f a u l t  t e s t s ,  us ing  a b reaker  w ith  very  l i t t l e  arc v o l tag e  
end n e g l ig ib l e  t r a n s i e n t  p o s t - a r c  c o n d u c t iv i ty ,  and d isp layed  
on a cathode ray  o s c i l lo g ra p h .  The comparison i s  f a i r l y  
good, though the  E .T . I .  r e co rd s  e x h ib i t  the  e f f e c t s  o f  some 
in h e re n t  damping. Other c o n t r ib u t io n s  to  the d is c u s s io n  
made mention o f  the  d e s i r a b i l i t y  o f  applying the  apparatus 
to  l i v e  networks, s ince  l a rg e  p a r t s  of a system, w ith  
in t e r c o n n e c t io n s ,  could r a r e l y  be made dead f o r  t e s t  purposes .
A d i f f e r e n t  approach was cons ide red  by Evans and 
P:onteith(13) in  a paper  a lso  pub l ished  in  1937. T he ir  
method has s ince  bean descr ibed  as the  Current Removal Method 
in which f a u l t s  and c i r c u i t  b reak ing  are  s im ulated  by a 
synchronously d r iven  con:mutator c o n s i s t in g  o f  th r e e  elements 
each of which has two b rushes .  Systems were s e t  up using  
lumped co n s tan ts  and the  d e s i re d  f a u l t  co n d i t io n s  ap p l ied .
The reco rd s  were taken by r o t a t i n g  the  reco rd ing  f i l m  
synchronously and reco rd ing  the moving cathode tube 
spot ( d e f le c te d  in  one ax is  only) through a le n s  system.
FilK$r 
revwovc vwcnw*? 
^recyjdt^^
i" h—
R g . 2 . 2  .
E 5 5 € k Kix(s o f  3^<^K»-xatt Owct f o l s o w  S M cH v o d
T)^ l'(CK»vnw^ fV\(l fLc ^CsiViUiKO C lv O .ra rlc ’^ 'd'iCS
j - - - - - - - - - - - - —^  —  —  \ I mmtm -,-- -  ^ -
oL fovicr f\(<k^orks lu ^ r ^ t c c  .
■ r ^
114
so g iv ing  an o sc i l log ram , of uniform time s c a le ,  in  the  
p o la r  form. This may he unique, but would re q u i r e  
p r a c t i c e  f o r  the  r a p id  i n t e r p r e t a t i o n  of r e s u l t s .
In 1938, W ilk inson(16) in  a paper devoted p r im a r i ly  
to  Hccurrent-3urge O sc i l lo g rap h s ,  d e sc r ib e s  an ex tens ion  
to  the  H.T#I. technique which allows c u r re n t  chopping ^ 
t h i s  i s  accomplished by adding r e s i s t o r s  between the ends 
of the  prim ary  and secondary windings of the  mutual 
induc tance ,  the reby  adding a nega t ive  s tep  fu n c t io n  to  the 
l i n e a r  i n j e c t i o n  c u r re n t  ( F ig .2 .1 ) .
Dunlap(25) of the General E l e c t r i c  Company in  the  
United S t a t e s ,  developed an ins trum ent known as a Recovery- 
Toltage Analyzer us ing  the  same p r i n c i p l e s  as Trencham and 
Wilkinson. The timebase and a m p l i f ie r  c i r c u i t s  were 
somewhat mors e la b o ra te  than  those  o f  Trencham and Wilkinson, 
bu t  l i t t l e  wes c o n t r ib u te d  to  th e  techn ique .
Dannatt and Polson(24) descr ibed  a method ( c a l l e d  the 
P a r a l l e l  I n j e c t io n  Method) in  1941 whereby a recovery  vo ltage  
could be ob ta ined  from l i v e  systems o p e ra t in g  a t  up to  
33kY* A s in g le - s t ro k e  reco rd ing  was taken ,  the  com parative ly  
low system frequency being r e j e c t e d  by means o f  a h ig h -p ass  
f i l t e r  in s e r t e d  between the system and the  C.R*0. d e f l e c t i o n
\-rn-
p l a t e s ;  no a m p l i f ie r  was r e q u i re d .  The ' i n j e c t i o n  c i r c u i t  
c o n s is te d  of a th y ra t ro n  or t h r e e - b a l l  spark-gèp to  g ive  
the switch a c t io n  producing a p o t e n t i a l  s te p - fu n c t io n ,  a
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s e r i e s  c i r c u i t  of capac i tance  and the c u r r e n t - l i n e a r i z i n g  
inductance having a n a t u r a l  resonan t  frequency about 500 c / s ,  
and va r io u s  o th e r  c a p a c i to r s  according to  th e  f a u l t  c o n d i t io n s  
which i t  was d e s i re d  to  s im u la te .  In  s p i t e  of the presence  
of the  s e r i e s  c a p a c i to r  in  th e  i n j e c t i o n  c i r c u i t  end the 
n a tu r a l  f requency  of about 500 c / s ,  the  f i r s t  few hundred 
microseconds of i n j e c t i o n  c u r re n t  were s u b s t a n t i a l l y  l i n e a r .
A s e r i e s  of  t e s t s  were c a r r i e d  out on p r a c t i c a l  systems; 
measured and c a l c u l a t e d  r e s u l t s  compared q u i t e  fav o u rab ly  -  
a t  l e a s t  to  w i th in  ±10^ which i s  an accep tab le  f ig u r e  in  t h i s  
type of work.
Gosland and Dunne(26) had a lso  c a r r i e d  out t e s t s  about 
t h i s  time to  determine recovery  v o l tag e  on 132-kT overhead- 
l i n e  systems. These t e a t s  were c a r r i e d  mainly a t  f u l l  
v o l tag e  a t  a 132-kY Grid s u b s ta t io n .  This p a p e r (26) was 
one of a s e r i e s  by Gosland in  an E.R.A. survey of t r a n s i e n t s  
of recove ry  vo l tage  r e l a t i n g  to  sw itchgea r  on cab le  networks, 
t r a n s fo rm e r - s u b s ta t io n  bu sb a rs ,  end g e n e r a t in g - s t a t i o n  busbars  
(K.R.A. Reports  G/Î  86, G/T 69, G/T 100, G/T 102, and G/T 104).
In  a paper by iVilkinson end M o r t lock (28 ) , th e  sy n th e t ic  
t e s t i n g  of  c i r c u i t  b reak e rs  i s  d iscu ssed ,  in  which a recovery  
vo ltage  i s  ob ta ined  from one source end the  arc c u r re n t  from 
ano ther  source .  Gompared w ith  f u l l  s c a le  t e s t ,  the paper 
concludes t h a t  s y n th e t ic  t e s t i n g  on a b ig  scale" cannot 
g e n e ra l ly  be j u s t i f i e d  economically . Though on ly  of i n d i r e c t
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importance he re ,  t h i s  paper  i s  of i n t e r e s t  in  i l l u s t r a t i n g  
p o s s ib le  t e s t  methods on the c i r c u i t  b re a k e rs  themselves as 
d i s t i n c t  from systems. The papers  by Cox and W ilcox(30),  y" 
and Harle and wild 131) p re sen ted  i n  1944, w ith  th e  ensuing , 
d i s c u s s io n ,  i n d i c a te  th a t  th e  problem of d e f in ing  c i r c u i t  
s e v e r i t y  was s t i l l  e lu s iv e .
The e v a lu a t io n  of system recovery  v o l ta g e s  was the su b jec t  
of two pap e rs ,  one by Adams, Skea ts ,  Van S ick le  and S i l l a r s { 2 7 )  
in  the  U.S.A. and one by Mortlock{32) some th re e  years  l a t e r  
in  Great B r i t a i n .  l o t h  papers  p re sen t  eq u iv a len t  c i r c u i t s  
fo r  a l t e r n a t o r s ,  t r a n s fo rm e rs ,  r e a c t o r s ,  t ran sm iss io n  l i n e s ,  
e t c .  and cons ider  v a r io u s  f a u l t  c o n d i t io n s .  Mortlock 
t a b u la t e s  the  b as ic  c i r c u i t s  and the corresponding express ions  
f o r  th e  zero  pause recovery  v o l ta g e ,  n a t u r a l  f r e q u e n c ie s ,  and 
c o n s ta n t s ,  and th e  mathematics i s  reduced to  ro u t in e  e v a lu a t io n s ,  
_Eoover(35) in  1946 d isc u sse s  th e  reco rd in g  of t r a n s i e n t s  
by h igh  speed f i lm  methods, or  by us ing  a h i ^  v o l ta g e  (15 kT) 
s e a le d -o f f  cathode ray  tube . The b e s t  r e s u l t s  are mainly 
from the systems of American power companies fo r  v o l ta g e s  
above 110 kV.
Also in  1946, Hammarlund(34) p u b l ish ed  h i s  work on 
T rans ien t  Recovery Voltage with s p e c ia l  r e f e re n c e  to  Swedish 
Bower Systems. The t r e a t i s e  covers  i n t e r r u p t i o n  t e s t s ,  
measurement w ithout b re a k e r  a c t io n  (w ith  in form ation  on a 
Swedish b u i l t  **current surge i n j e c t o r  s im i l a r  t a  Wilkinson»s
(1* A Crrmtls,
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R .T . I* ) ,  i a v e s t lg a t lo n s  p u re ly  by c a l c u l a t i o n ,  and the 
use of m in ia tu re  systems. The in f lu en ce  o f  the b re a k e r  
on the  recovery  v o l tag e ,  the  i n t e r r u p t i o n  a b i l i t y  of c i r c u i t  
b re a k e rs ,  and c i r c u i t  s e v e r i t y ,  arc a l so  d iscussed  f u l l y ,  
end the r e s u l t s  of many measurements and c a l c u la t io n s  are  
given. There i s  an ex ten s iv e  b ib l io g rsp h y .
Consequent upon work i n  Im per ia l  College, London, King(38) 
descr ibed  a f u r t h e r  m in ia tu re  technique of o b ta in ing  recovery 
. vo l tages  from systems. King c a l l e d  t h i s  a Half-Wave I n j e c t i o n  
Method s ince  a l t e r n a t e  h a l f - c y c l e s  of c u r re n t  from a 50 c / s  
supply were in j e c te d  in to  the system. A simple diode 
r e c t i f i e r  w ith  a l a rg e  s e r i e s  r e s i s t o r  ( to  make the  diode 
dynamic c h a r a c t e r i s t i c  as l i n e a r  as p o s s ib le )  served to  
remove th e  unwanted h a l f - c y c l e s  from th e  s in u s o id a l  supply, 
so leav ing  th e  o th e r  h a l f - c y c l e s  to  r e p re s e n t ,  r e p e t i t i v e l y ,  
the l a s t  h a l f - c y c le  o f  f a u l t  c u r re n t  befo re  b reaker  
opera t ion  (Kig. 2 .3 ) .  The recovery  vo l tage  obta ined was t h a t  
due to  zero pause i n t e r r u p t i o n  and i t  was shown th a t  the  diode 
c h a r a c t e r i s t i c  had n e g l ig ib l e  e f f e c t  on the  slope of the  
" f a u l t "  c u r re n t  j u s t  before  c u r re n t  ze ro .  A synchronised 
timebase was inc luded  in  the  equipment so t h a t  the  r e p e t i t i v e l y  
obta ined recovery  vo ltage  appeared as  a s tead y  t r a c e  on the  
cathode ray  tube screen .  King a lso  d esc r ib es  a*method ( s im i la r  
to  th a t  of Denmatt and P o iso n (24)) whereby rècovery  vo l tages  
may be obtained from a l i v e  system, though r e p e t î t ’iv e ly  in s te a d
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of  f o r  s in g le  i n j e c t i o n s  as b e fo re .  The same l i m i t a t i o n s  
apply ,  f o r  example d i s t o r t i o n  of low frequency  recovery  
v o l ta g e s  by the  h ig h -p a ss  f i l t e r ,  bu t  the  method has th e  
advantage of s im p l i c i t y .  King did not suggest in  h i s  p ap e r  
the  ex tens ion  o f  th e  method to  inc lude  chopping, i . e .  c u r r e n t  
i n t e r r u p t i o n  b e fo re  a ze ro .
Of recen t  y e a r s ,  Satche and &rosse(40) in  1950 gave 
an i n t e r e s t i n g  paper  on th e  c a l c u l a t i o n  of reco v e ry  and o the r  
v o l ta g e s  using  a g ra p h ic a l  method (with v o l ta g e  and c u r r e n t  as 
axes, i n s t e a d  of th e  more u su a l  v o l t a g e / t im e  or  cur r e n t / t im e  
p l o t s )  developed in  France by Bergeron(107) more p a r t i c u l a r l y  
fo r  h y d ra u l ic  problems. The method i s  being developed i n  th e  
Royal Technical College by Mr. J .  McGregor. M ort lock(41) and 
Mortlock and Jo n e s (4 2 ) ,  of th e  B.T.H. Company have p re s e n te d  
p ap e rs ,  th e  f i r s t  commenting on th e  i n t e r r u p t i o n  of c a p a c i t i v e  
and m agnetiz ing  c u r r e n t s  w ith  mention of th e  r e l a x a t io n  v o l ta g e  
due to  re p e a te d  c u r re n t  su p p re ss io n ,  and th e  second on the
e f f e c t  of  l i n e a r  r e s i s t o r s  in  reducing th e  f . r . r . v .  or  the 
d i s t r i b u t i o n  of  v o l tag e  a c ro s s  i n t e r r u p t i n g  s t r u c t u r e s .
Young(43) in  a paper p r im a r i ly  devoted t o  cu rren t-chopp ing  
in  h ig h -v o l tag e  c i r c u l t - b r e a k e r s  reviews the  chopping mechanism 
f o r  a i r - b l a s t  and o i l - b r e a k  c i r c u i t  b re a k e r s ,  and th e  use of 
sw itch ing  r e s i s t o r s .  The b reak ing  of small magnetiz ing  c u f r e n t s ,  
as  considered  in  s e c t io n s  of t h i s  p a p e r ,  sugges ts  one f i e l d  of 
a p p l ic a t io n  where a m in ia tu re  techn ique  may be i n v a l i d  due to
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th e  n o n - l i n e a r  e f f e c t s  o f  an I ro n  c i r c u i t ,  e s p e c i a l l y  w i th  
low va lues  of c u r re n t  flowing in  the  w indings.
Mention should a l so  he made of th e  r e le v a n t  ch a p te rs  
in  some te x t -b o o k s .  Bewley(l02) {Chapter 13, S ec t io n s  9, 10) 
c o n s id e rs  a g e n e ra l  mathematical approach fo r  a simple 
lumped-constant c i r c u i t ,  with  shunt r e s i s t a n c e  i f  d e s i r e d .
He a l so  in d i c a t e s  how problems invo lv ing  a n o n - l i n e a r  shunt 
r e s i s t a n c e  ( l e s s  common) may be approached. The second 
s e c t i o n  mentioned (S ec t io n  10) d ea ls  w ith  r e s t r i k i n g  phenomena; 
a rc ing  c o n d i t io n s ,  th e  e f f e c t  of  the  d i e l e c t r i c  r eco v e ry  r a t e ,  
r e l a x a t i o n  o s c i l l a t i o n s ,  and th e  e f f e c t  of  shunt c a p ac i tan c e ,  
Cerszonowicz(104) in  a book d e sc r ib in g  many v a r i e t i e s  o f  
c i r c u i t  b reak e r ,  sums up the  a t t i t u d e  in  v a r io u s  c o u n t r i e s  
towards th e  d e f i n i t i o n  of recovery  v o l t a g e s  experienced  under 
c e r t a i n  c o n d i t io n s ,  b reak ing  c a p a c i ty ,  and r a t e d  b reak ing  
c a p a c i ty  (p, 53, p . 328), The book e d i t e d  by Trencham(101) and 
based on a s e r i e s  o f  l e c t u r e s  g iven by th e  s t a f f  o f  th e  S,R,A, 
on c i r c u i t  b re a k e r s ,  i s  f u l l  o f  i n t e r e s t i n g  m a t e r i a l ,  and 
g iv e s  a v e ry  f a i r  account of th e  r i v a l  t h e o r i e s  and p r a c t i c e s  
which have developed over  th e  l a s t  tw en ty - f iv e  y e a r s .
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Chapter 3
The P re se n t  Approaches
The e a r l y  p r o p o s a l s (1950) fo r  the  des ign  o f  a Recovery 
Toltage I n d ic a to r  were l a r g e l y  in f lu en ced  by th e  techn ique  
developed by Trencham and W ilk inson( 14) ,  With th e  con­
s id e r a b le  development i n  c i r c u i t  te ch n iq u es  s in c e  1937, i t  
was f e l t  t h a t  the  g e n e ra t io n  o f  a l i n e a r l y  r i s i n g  cu r ren t  
u s ing  vacuum v a lv e s  would be p o s s ib le  and t h a t  th e  a d d i t io n  
of a s t e p - f u n c t io n  to s im u la te  c u r r e n t  chopping would fo l low  
as E m a t te r  of course# Some e a r l y  experiments  were t h e r e fo r e  
devoted to  the  l i n e a r  c u r re n t  i n j e c t i o n  method, th e  s imple  
s p e c i f i c a t i o n  being  t h a t  (a) the r i s e  o f  c u r re n t  should 
have a v a r i a b l e  s lope  to  rep re sen t  va r ious  va lv es  of  f a u l t  
o r  i n t e r r u p t i o n  c u r r e n t ;  (b) the i n j e c t i o n  be r e p e t i t i v e ,  
f i f t y  times a second, t h i s  being an e a s i l y  ob ta ined  
r e p e t i t i o n  frequency; and (o) the  t e s t  system should a f f e c t  
th e  performance of  the  c u r re n t  g e n e ra to r  as  l i t t l e  as  p o ss ib le .  
While th e  g e n e ra t io n  of a l i n e a r  v o l tag e  r i s e  i s  a 
reasonab ly  simple m a t te r ,  th e  g e n e ra t io n  of a l i n e a r  c u r re n t  
r i s e  in  a system one s id e  o f  which might be s o l i d l y  ea r thed  
proved q u i t e  a problem a t  the  t im e. Thought developed 
from the magnetic d e f l e c t i o n  arrangements f o r  a cathode ray  
tube where, to  p rov ide  a l i n e a r  time sweep, a l i n e a r  r i s e  
of c u r r e n t  in th e  d e f l e c t i o n  c o i l s  i s  required# At about
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the same t im e, however, i n t e r e s t  in  the  Half-Wave I n j e c t i o n  
Method was growing, p a r t l y  due to  i t s  s im p l i c i ty  and p a r t l y  
due to  the p ro je c te d  ex ten s io n  to s im ula te  c u r re n t  chopping, 
w ith  the  r e s u l t  th a t  the l i n e a r  cu r ren t  i n j e c t i o n  method 
was e v e n tu a l ly  dropped.
More r e c e n t ly ,  in fo rm ation  on l i n e a r  c u r re n t  g en e ra to rs  
has been b e t t e r  a p p re c ia te d ,  and the  author  f e e l s  c e r t a i n  
t h a t  a Waveform shaping technique to  p rov ide  a t r a p e z o id a l  
waveform on the  g r id  of a vacuum valve  in  whose anode or 
cathode c i r c u i t  i s  inc luded  the  '• l inear iz ing*’ inductance or 
mutual induc tance ,  could provide the  b a s i s  o f  a recovery  
vo l tag e  i n d i c a to r .  One advantage of such an arrangement i s  
t h a t  th e  unavoidable  r e s i s t a n c e  of th e  Inductance can be 
coun te rac ted  by choosing a s u i t a b l e  s t o p - t o - t r i a n g l e  
p ro p o r t io n  in  th e  t r e p e z o id .  So f a r  as i s  known, t h i s  
id e a  has not been app l ied  to  th e  de te rm ina t ion  of system 
recovery  v o l ta g e s ,  (See F i g . 3 .1  o p p o s i te ;  a lso  M ,I,T . 
R ad ia t ion  Laboratory  S e r ie s  Textbooks; No.19, Waveforms -  
Sec t ions  2 .3 ,  8 .1 3 ,  8 .14 ;  Ko.22, Cathode Ray Tube D isplays -  
Chapter 10)..
A c i r c u i t  us ing  King’ s Half-Wave I n j e c t i o n  Method 
was e a s i l y  s e t  up f o r  p re l im in a ry  i n v e s t ig a t i o n s ,  e s p e c i a l l y  
as t r i g g e r  c i r c u i t s  used in  the  experim enta l  development of  
the  Recurren t-Surge  O sc il lograph  were a v a i l a b l e ,  and as a 
r e s u l t  i t  was decided to  inco rpo ra te  c e r t a i h  a d d i t io n a l
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f e a t u r e s  In  the  des ign  f o r  a recovery  vo l tage  i n d i c a to r .
These f e a tu r e s  were (a) delay  o f  the  i n i t i a t i o n  of the  
recovery v o l tag e  from the  time of t r i g g e r i n g  the o s c i l lo g ra p h  
timebase so as t o  avoid i n i t i a l  spot h a la t io n  ( i f  any) and 
any timebase i r r e g u l a r i t i e s  nea r  the commencement of the 
time-sweep; using such de lay  one i s  c e r t a i n  t h a t  the 
timebase i s  i n i t i a t e d  before  the recovery  vo l tage  and 
not v ic e -v e r s a :  (b) production  of a modulating p u lse  to
"black out" the  timebase f ly -b ack  and i n i t i a l  spot (which 
Can be very b r ig h t  due t o  the  r e l a t i v e l y  long p e r iods  of 
no d e f l e c t io n  between success ive  t r a n s i e n t s  in  a f i f t y -  
cyc les -pe r-second  r e p e t i t i o n  arrangement) and "b r ig h ten  up" 
the t r a c e  fo r  the  time immediately p r i o r  to  and during th e  
recovery  t r a n s i e n t ;  (c) p ro v is io n  of say th re e  c a l i b r a t i n g  
o s c i l l a t i o n  f r e q u e n c ie s ,  the  o s c i l l a t i o n s  to  be o f  reasonab ly  
cons tan t  amplitude and of n e c e s s i t y  pu lsed  "on" w ith  
success ive  time-sweep t r i g g e r in g s  so as to  give superim posi t ion  
of success ive  t r a c e s :  (d) in c o rp o ra t io n  of a s e l e c t i o n  switch
to  allow the o bse rva t ion  o f  waveforms a t  va r ious  c r i t i c a l  
p a r t s  of the  c i r c u i t ,  and o f  an a r t i f i c i a l  t e s t  network to  
perm it checking of  complete o p e ra t io n  of th e  ins trum ent 
w ithout r e q u i r in g  access  to  an e x te rn a l  system.
A b lock diagram of th e  f i n a l i s e d  c i r c u i t  "arrangement 
i s  shown opposi te  ( F i g .3 .2 ) .  Anormal 240V. 50 c / s  supply 
goes to  two t ra n s fo rm e rs ,  one to  prov ide  a h a l f - s in u s o i d a l
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i n j e c t i o n  c u r r e n t ,  and the o th e r  by s u i t a b l e  wavefom 
m anipu la t ion  to  p rov ide  th e  r e p e t i t i v e  t r i g g e r s  e t c . , 
r e q u ire d  f o r  v a r io u s  c i r c u i t  f u n c t io n s .  Considering zero 
pause c u r re n t  i n t e r r u p t i o n ,  the t r i g g e r  to th e  o sc i l lo g ra p h  
timebase must be s u i t a b ly  phased to  i n i t i a t e  the  time-sweep 
in  advance of c u r re n t  ze ro ,  t h i s  phase depending on the  
amount of  de lay  d e s i r e d  from time-sweep to recovery  v o l tag e  
i n i t i a t i o n ;  a lso  i f  c u r re n t  chopping, caused by applying 
a nega t ive  p u lse  to  th e  g r id  of  a t r i o d e  valve  which 
re p la c e s  King’ s r e c t i f i e r  d iode , i s  to  be s im ula ted ,  then  
the t iming of the  n eg a t iv e  pu lse  must be c o n t ro l l e d  by 
some v a r i a b l e  n h a s e - s h i f t  c i r c u i t ,  t h a t  i s  w ith  r e fe re n c e  
to the  in j e c te d  (p a r t )  ha lf-w ave. The f i r s t  b lock f u l f i l s  
these  fu n c t io n s ,  and a p h a s e - s h i f t e d  s in u so id  i s  then 
a v a i la b le  f o r  squaring ,  the  p rocess  of  conver t ing  the 
s inuso id  in to  q u a s i - r e c t a n g u la r  p u l s e s ,  which are  then  
d i f f e r e n t i a t e d  and used f o r  th e  accu ra te  f i r i n g  of a 
th y ra t ro n  t r i g g e r  g e n e ra to r .
The t r i g g e r  g e n e ra to r  p rov ides  o u tp u t s .o f  both  
p o l a r i t i e s ,  the p o s i t i v e  t r i g g e r  a c tu a t in g  the  delay  
monostable m u l t i v i b r a to r ,  from which a pu lse  i s  taken ,  
d i f f e r e n t i a t e d ,  and the  "p ip"  corresponding to  the  pu lse  
t r a i l i n g  edge s e le c te d .  This  "pip*^ a c tu a te s  e f u r t h e r  
monostable m u l t i v i b r a t o r ,  a n e g a t iv e  pu lse  from which causes 
chopping of the  half-wave c u r r e n t .  A p o s i t i v e  t r i g g e r
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a lso  a c tu a te s  a s i m i l a r  c i r c u i t  sequence, t h i s  time t o  
p rov ide  a beam modulotion  p u l s e ,  but in s t e a d  of the  
monostable chopping m u l t i v i b r a t o r ,  a b i s t a b l e  m u l t i v i b r a t o r  
i s  used -  here  th e  delayed  "p ip"  i s  used  to tu rn  the  beam 
" o f f " ,  and th e  n e g a t iv e  t r i g g e r  from the  t r i g g e r  g e n e r a to r  
tu rn s  the  beam "on".
The p u ls e  from th e  Modulation D uration  monostable 
m u l t i v i b r a to r  i s  a lso  used to  "g a te"  th e  c a l i b r a t i n g  
o s c i l l a t o r ,  which i s  t h e r e f o r e  pu lsed  "on" on ly  when the  
beam i s  b r ig h te n e d .
Power su p p l ie s  re q u i re d  are  s t a b i l i z e d  E.T. (280 7 . )  
w ith  a h ig h e r  v o l tag e  u n s t a b i l i z e d  E .T . l i n e  to  th e  t r i g g e r  
g e n e ra to r  th y r a t r o n ,  a b i a s  supply  a l so  s t a b i l i z e d  ( -  1507.) 
and h e a t e r  s u p p l ie s  to  the  v a lv e s .  The o s c i l lo g r a p h  was 
to  be a s tanda rd  oommeroially a v a i l a b l e  ty p e ,  th e  Cossor 
Model 1035 w ith  s u i t a b l e  camera f o r  photographic  r e c o rd in g  
of t r a c e s .
I ► WWW*»
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Chapter  4 
C i r c u i t  Design and Arrangement
Refer r i n g  to  Fig, 4.1
A 120-0-120 v o l t  supply from n s u i t a b l e  mains transfo rm er  
> i s  a v a i la b le  a t  plug p ins  I 7/ 5 , P y ^ 7/ 7 > ^7 /6  the
c e n t r e - t s p  connection .  Phase s h i f t  i s  accomplished in  a 
tiivo-stage netvjork, each s e c t io n  being of the  r e s i s t a n c e /  
reac tance  type fed from a c en t re - tap p ed  source# {Bibliography 
106, S ec t ion  4 .1 2 ) .  The f i r s t  s e c t io n  g ives  a f ix ed  phase-  
s h i f t  of about 55^, assuming no lo a d in g ,  while  by varying the 
r e s i s t a n c e  element of  th e  second s e c t io n  (a 17 wire-wound 
p o ten t iom ete r )  a p h a s e - s h i f t  over a wide range may be ob ta ined .
A p h a s e - s h i f te d  s in u so id  of s l i g h t l y  vary ing  amplitude, 
somewhat over 50T r . m . s . , i s  t h e r e fo r e  a v a i la b le  fo r  squaring^ .
**Squaring" i s  accomplished in  the  cathode-coupled 
l i m i t e r  c i r c u i t  ( a f t e r  Sowerby, W ire less  World 54, p . 283) which 
has the advantage over the  p e n to d e - w i th - g r id - r e s i s to r  l i m i t e r  
c i r c u i t  o f  be ing  independent of the  s ig n a l  source impedance.
The f i r s t  s e c t io n  of  th e  63L7 opera tes  as a ca tho d e - fo l lo w er ,  
and the second s e c t io n  as a grounded-grid  a m p l i f ie r .  On 
the  p o s i t i v e  peaks of in p u t  vo ltage  the second^^haïî ou ts  o f f ,  
while on nega t ive  peaks the  f i r s t  s e c t io n  tends  t o  cu t  o f f  
and the second h a l f  conducts h e a v i ly ;  thus a r e c ta n g u la r  
output waveform i s  a v a i la b le  a t  the  anode of the second s e c t io n .
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The c i r c u i t  va lves  are  s im i l a r  to  those  suggested by 
Sowerby, the  design  r e q u i r i n g  a s u i t a b ly  la rg e  cathode 
r e s i s t o r  to  l i m i t  c u r re n t  flow on p o s i t i v e  inpu t  peaks.
The square waveform i s  next d i f f e r e n t i a t e d ,  the p o s i t i v e  
impulses t r i g g e r i n g  the BT19 mercury th y r a t r o n  t r i g g e r  
g e n e ra to r .  The h a l f - p e r i o d  of the  square waveform w i l l  be 
approximately 10 m i l l i s e c o n d s  and f o r  ap p rec iab le  d i f f e r e n t i a t i o n  
the  product OR must be l e s s  than  O.IT where T i s  the  h a l f - p e r io d ,  
i . e .  CR < 0 .1  X  10 msec
and i f  C = O.OluF R < 0 .1  x 10 x 10^lO^x 0.61
< 10^ ohms.
The value  chosen i s  between 10 k2 and 15 k2, i t  being 
d e s i r a b le  to  keep th e  g r id  c i r c u i t  r e s i s t a n c e  o f  th e  th y ra t ro n  
f a i r l y  low.
The th y ra t ro n  t r i g g e r  g e n e ra to r  i s  o f  a type found very  
s u i t a b le  by the  au thor  f o r  developing sharp t r i g g e r  impulses 
from a very low impedance source .  The 4 .7  charging res lA or  
i s  made as l a rg e  as p o s s ib le  so th a t  th e  2000 pF c a p a c i to r
charges t o  almost the f u l l  H.T. l i n e  v o l tag e  in  the  time
between success ive  t r i g g e r i n g s  (here CR =10 msec ap p ro x .) .  A 
p o s i t i v e  impulse on th e  th y ra t ro n  g r id  p e rm its  d ischarge  o f  
the cap ac i to r ,  the maximum c u r re n t  being l im i t e d  t^o l e s s  than  
J  amp. by the two 4702 r e s i s t o r s  in  s e r i e s ;  a p o s i t i v e  t r i g g e r  
i s  made a v a i la b le  a t  z  and a n eg a t iv e  t r i g g e r  a t  ‘y. The
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t h y r a t r o n  c u r re n t  r a p id ly  f a l l s  t o  a n e g l i g i b l e  value and 
the d ischarge  i s  no lo n g e r  s e l f - m a in ta in in g ,  t h i s  p rocess  
being known as c u r r e n t  l i m i t i n g  e x t i n c t i o n ,  i . e ,  when th e  
n e g a t iv e  g r id  b ia s  v o l ta g e  r e g a in s  c o n t ro l  a t  low v a lues  o f  
anode c u r r e n t (45).
R efe r r in g  to  J i g .  4 .2
A p o s i t i v e  t r i g g e r  from z  a c tu a te s  the  ca thode-coupled  
monostable m u l t i v ib r a to r  which delays  the  i n i t i a t i o n  of  th e  
recovery  v o l t a g e .  I n i t i a l l y  th e  second s e c t i o n  of  th e  6SN7 
double t r i o d e  i s  conducting  due t o  the  1 .5  M2 r e s i s t o r  
tend ing  to  ta k e  the g r i d  p o s i t i v e ,  and a v o l ta g e  a t  the 
cathodes s u f f i c i e n t  to c u t - o f f  th e  f i r s t  s e c t io n  i s  produced,
no m a t te r  the  adjustment of  th e  g r id  v o l tag e  o f  th e  f i r s t  
s e c t io n  by the  500 k 2 p o te n t io m e te r .  P o s i t i v e  t r i g g e r i n g  
causes tne  f i r s t  s e c t io n  t o  conduct,  g e n e ra t in g  a n e g a t iv e -  
going pu lse  a t  the  anode| thus  the  g r id  of th e  second s e c t io n  
i s  tak en  n eg a t iv e  c u t t i n g  o f f  th e  second s e c t i o n ,  the  t im ing  
cepad to r  d isch a rg es  a t  a r a t e  mainly  c o n t ro l l e d  by the  1 ,5  Ms2
r e s i s t o r ,  and the  g r i d  of the  second s e c t i o n  becomes more 
p o s i t i v e  e v e n tu a l ly  caus ihg  t h i s  s e c t io n  to  conduct and r a i s e  
the  cathode p o t e n t i a l .  The i n s t a n t  when the  f i r s t  s e c t io n  
c u t s  o f f  can be c o n t ro l l e d  by th e  g r id  p o te n t i a l ;  and the 
500 k2 p o te n t io m e te r  th e r e fo r e  may be used as a f i n e  d e lay  
c o n t r o l ,  c o a r s e r  c o n t ro l  be ing  accomplished by c a p a c i to r
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sw itch ing ;  In f a c t ,  the  f in e  c o n t r o l  i s  so e f f e c t i v e  
t h a t  a l l  d e s i r e d  delays may be ob ta ined  us ing  i t  in  
con junc tion  w ith  the l a r g e s t  t im ing  c a p a c i to r .
The nega t ive  p u lse  from the delay  m u l t i v i b r a to r  i s  
d i f f e r e n t i a t e d  by the 85 pF and 10 k2 coupling  c i r c u i t  to  
th e  nex t va lve ,  which i s  normally  b ia sed  beyond c u t - o f f .  
Only the  "pips^ r e s u l t i n g  from the  d i f f e r e n t i a t i o n  of the  
t r a i l i n g  edge of th e  m u l t iv ib r a to r  p u lse  d r ive  t h i s  va lve  
to  th e  conducting c o n d i t io n .  These delayed *^pips” are  
am plif ied  and in v e r te d  and fed  to  a cathode fo l low er  
s tage  (second s e c t io n  of t h i s  6SN7) which a f fo rd s  a low 
impedance o u tp u t ,  and which i s  norm ally  conducting by the  
2 M2 g r id  r e s i s t o r  connected to  the  R.T. l i n e .
Negative delayed t r i g g e r s  from th e  cathode fo l low er  
a c tu a te  a cathode-coupled  monostable m u l t i v i b r a to r  s im i l a r  
to  t h a t  a l ready  d esc r ibed  except t h a t  t r i g g e r i n g  i s  by 
diode i n j e c t i o n  ( the  diode having an in d iv id u a l  h e a t e r  
supply) to  the  anode o f  th e  f i r s t  s e c t io n  of the  6SN7.
This m u l t i v ib r a to r  i s  used f o r  chopping the  in j e c te d  h a l f  
s ine  wave o f  c u r r e n t ,  and f o r  chopping a t  a c u r re n t  maximum 
a chopping pu lse  d u ra t io n  of a t  l e a s t  5 msec i s  r e q u i re d ,  
th a t  i s  the  time f o r  a q u a r te r  cycle  of a 50 c / s  s in u so id ,  
a f t e r  which the  u n i d i r e c t i o n a l  p r o p e r t i e s  of th e  t r i o d e
•C,in  the  c u r re n t  i n j e c t i o n  c i r c u i t  become o p e ra t iv e .  In  
o rder  to  achieve s t a b i l i t y  in  the time of the  t r a i l i n g  edge
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t r a n s i t i o n ,  a l a rg e  o a p e o l to r  i s  connected from th e  
nnode of the  second s e c t io n  to  the  g r id  of th e  f i r s t  
s e c t io n  so a c c e le r a t in g  the  switch  a c t io n .  The 500 k£  
p o ten t iom ete r  s e t t i n g  the  f i r s t  s e c t io n  g r id  vo l tage  i s  
p r e - s e t  to  g ive  a f ix e d  d e s i r a b l e  p u lse  duration* s in c e ,  
when the  f i r s t  s e c t io n  o f  the  valve i s  conducting the  
anode to  e a r th  impedance i s  only s. few thousand ohms, th e  
d e s i r a b i l i t y  of  the  cathode fo l low er  b u f f e r  c i r c u i t  w i l l  
be Bppreoiatêd.
The n eg a t iv e  chopping p u ls e ,  having been fed  through
another  |  6SN7 cathode fo l low er  s teg e ,  produces the
necessary  sw itch ing  a c t io n  in  the  6K7 i n j e c t i o n  c i r c u i t
va lve .  Both ha lves  of the  doub le - t r io d e  6K7 are  used,
” strapped^ to g e th e r ,  t o  p e r a i t  i n j e c t i o n  c u r r e n t s  up to
60 mA to  be employed. A most s e r io u s  o b je c t io n  to  the
use of a vacuum valve fo r  chopping and r e c t i f y i n g  purposes
i s  the  n o n - l i n o n r i ty  of the  anode c h a r a c t e r i s t i c s  a t
lovf anode v o l t a g e s .  For many t r i o d e s ,  the  anode c h a r a c t e r i s t i c
f o r  approximately se ro  g r id  b ia s  i s  n e a r ly  s t r a i g h t  however,
and t h i s  p ro p e r ty  i s  u t i l i s e d  in  t h i s  p a r t i c u l a r  a p p l ic a t io n ;
in  th e  conducting c o n d i t io n  the  g r id -ca th o d e  impedance i s
small and hence the use o f  the  ca thode-fo llow or d r iv e r
s tage  f o r  i n j e c t i n g  the  chopping pulsoo i s  j u s t i f i e d .
A d d i t io n a l ly ,  the  anode c i r c u i t  o f  th e  5N7 con ta lne  a bank
of r e s i s t o r s , the  hipjhor va lues  o f  which g ive  the c i r c u i t
h ’
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a ve ry  l i n e a r  dynamic c h a r a c t e r i s t i c ,  b u t  u n fo r tu n a te ly  
a l s o  reduce the  in j e c te d  c u r re n t  amplitude* The 60 g: cathode 
r e s i s t o r  with th e  6H7 provides a means of checking the 
in j e c te d  c u r re n t  waveform, and a simple tuned c i r c u i t  may 
be switched in  to a c t  as a t e s t  network when no e x te rn a l  
system i s  convenient*
R efe rr ing  to  Pip:. 4*3
The c i r c u i t s  concerned w ith  the f i r s t  two 6SN7 va lves  
in  t h i s  f ig u r e  are  i d e n t i c a l  to  those desc r ibed  in  the l a s t  
s e c t io n ,  w ith  the  a d d i t io n  th a t  a n eg a t iv e  pulse i s  made 
a v a i l a b le  a t  % to  a c tu a te  the  c a l i b r a t i n g  o s c i l l a to r »
In s tead  of the  chopping m u l t iv ib r a to r  c i r c u i t ,  a b i s t a b l e  
m u l t iv ib r a to r  to  produce a modulation pulse  i s  included*
A delayed n eg a t iv e  t r i g g e r  from the cathode fo l low er  s tage  
(second s e c t io n  of  the  second BsitJ) i s  diode in j e c te d  to  the 
b i s t a b l e  r m l t i v i b r a t o r  to  cause one t r a n s i t i o n  and produce 
a nega t ive -go ing  or "b lack ing  out" pulse a t  the o sc i l lo g ra p h  
modulation te rm in a l ,  while a n eg a t iv e  t r i g g e r  a t  y (co in c id en t  
with the s t a r t  of th e  time-sweep) causes  the  o ther  t r a n s i t i o n  
and allows the  beam to  coma up to  the  b r ig h tn e s s  s e t  by the 
manual c o n t ro l  on the o s c i l lo g ra p h .  (This p a r t i c u l a r  arrange-* 
ment I s  necessary  because of  the  c i r c u i t s  in  the commercially 
made o s c i l l o g r a p h ) . The modulation pulse i s  fed  to  the 
o sc i l lo g ra p h  modulation te rm in a l  v ia  a 0 .25  "2*5 kV working,
c a p a c i to r ,  the  mean l e v e l  cf the  pulse a t  the  cathode ray tube 
g r id  be ing  such as to  g ive  the des i red '  e f f o c t  on a l l  commonly 
used time-sweep ranges .
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R efe r r in g  to  Fig , 4»4
A n ega t ive  pulse  from x  having th e  same d u ra t io n  as 
the  b r ig h ten in g  p u lse  p a s se s  f i r s t  through a cathode fo llov;er  
s tage  ?Jhlch a c t s  as a b u f f e r  s tage  beti^een the  modulation 
du ra t io n  m u l t i v ib r a to r  and th e  c a l i b r a t i n g  o s c i l l a t o r *
In the  absence of t h i s  nega t ive  p u lse  * the f i r s t  valve of 
the  c a l i b r a t i n g  o s c i l l a t o r  (B ib l iography  106, S ec t io n  4.14) 
i s  conducting and c u r re n t  flows through th e  inductance of 
th e  cathode tuned c i r c u i t .  The n e g a t iv e  pu lse  causes sudden 
c e s s a t io n  of t h i s  c u r r e n t  and a dec rescen t  s in u so id a l  vo l tage  
i s  ob ta ined  across  the  tuned c i r c u i t .  The second s e c t io n  
of th e  6SH7 a c ts  as a cathode fo l lo w er  whose cathode c i r c u i t  
co n ta in s  a r e s i s t a n c e  between 5k2 and 10 k2 and an Inductance 
m utua lly  coupled t o  the tuned Inductance so th a t  p o s i t i v e  
feedback i s  a p p l ied .  By vary ing  the  cathode c i r c u i t  
r e s i s t a n c e ,  feedback s u f f i c i e n t  to  overcome lo s s e s  and 
produce a pu lsed  o s c i l l a t i o n  of c o n s tan t  amplitude may be 
ob ta ined(B 4) . This i s  a v a r i a t i o n  (due to  the  author) 
of th e  pu lsed  H a r t le y  o s c i l l a t o r  In which the  feedback pa th  
Is  taken  to  a tapp ing  on the  tuned Inductance.  Three 
c a l i b r a t i n g  f r e q u e n c ie s ,  25 k c / s ,  50 k c /s  and 150 k c / s ,
are  a v a i l a b l e .  v!
%R efe r r in g  to  Flp;. 4*5
The power supply requirem ents  f o r  the  complete 
Instrum ent are  approximately  240 v o l t s ,  1 amp. The power
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packs are  c o n t ro l le d  by th r e e  double-pole  switches with 
a s s o c ia te d  fu zes ,  and sw itch ing  should be c a r r i e d  out in  
a n a t u r a l  sequence ( l e f t  t o  r i g h t  looking  a t  the  f r o n t  
p a n e l ) .
The f i r s t  c i r c u i t  c o n t r o l s  th e  h e a t e r  t ra n s fo rm e r ,  
seven windings supply ing  a l l  va lve  h e a te r s  except th o se  
of the b ia s  power pack r e c t i f i e r ,  end the  b i a s  power pack 
which i s  of conven tiona l  design w ith  fu l l -w av e  r e c t i f i c a t i o n ,  
TC-section f i l t e r ,  and a YR 15C/30 neon valve s t a b i l i z e r .
The second sw itch  c o n t ro l s  two t r a n s fo rm e rs ,  one 
p rov id ing  the  120-0-120 v o l t  supply to  th e  p h a s e - s h i f t  
c i r c u i t  and th e  o th e r  th e  i n j e c t i o n  c u r r e n t .  I t  was 
found u n des irab le  t o  combine th e se  two t ran s fo rm ers  as 
c e r t a i n  mutual in d u c t iv e  and c a p a c i t iv e  e f f e c t s  between 
windings caused a d d i t io n a l  damping of the  recovery  v o l ta g e .  
The 25-ka r e s i s t o r  ac ross  th e  450 v o l t  i n j e c t i o n  c u r r e n t  
winding tak es  a s tead y  a l t e r n a t i n g  c u r re n t  and reduces  the  
p o s s ib le  e f f e c t s  of  winding o s c i l l a t i o n s ,  e t c .  when th e  
i n j e c t i o n  c u r re n t  i s  chopped.
The M rd  switch c o n t ro l s  the  H.T. power pack which 
i s  conventional  and has a STY 280/80 S t a b i l i v o l t  added to  
give a cons tan t  v o l tag e  supply  to  a l l  the  vac^uum v a lv e s .
The E.T. supply  t o  the  BT19 th y ra t ro n  i s  U n s ta b i l iz e d ,  
s in ce  v a r i a t i o n s  may be coun te rac ted  simply b y " r e s e t t in g  
a f r o n t  panel c o n t r o l .  E.T. may not be app l ied  befo re  the
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h e a t e r  and b ia s  s u p p l ie s  have become o p e r a t iv e ,  due t o  a 
therm al d e lay  va lve  DLS15 whose h e a t e r  supply  i s  sw itched  
w ith  th e  o th e r  h e a t e r  s u p p l i e s ;  the  5U4G fu l l -w ave  r e c t i f i e r  
s i m i l a r l y  a f fo rd s  some p r o t e c t i o n .
Some General Design P r i n c i p l e s ;
In  choosing the  v a lu e s  o f  components f o r  m u l t i v i b r a t o r s ,  
pu lse  a m p l i f i e r s ,  and cathode f o l lo w e r s ,  c o n s id e r a t io n  must 
be g iven  f i r s t l y  t o  v a lv e  r a t i n g s ,  p a r t i c u l a r l y  th e  average 
and p u lse  anode c u r r e n t  r a t i n g s .  For example, r e s i s t i v e  
anode loads  a re  made as email as p o s s i b l e ,  c o n s i s t e n t  w ith  
th e  d e s i r e d  p u lse  am plitude ,  so t h a t  valve and s t r a y  c a p a c i t i e s  
may have l i t t l e  e f f e c t  on f a s t  t r a n s i t i o n s .  For  va lves  
pu lsed  ’•on’* fo r  very  s h o r t  t im es  th e  r e s i s t i v e  lo a d s  may be 
q u i t e  sm all  and th e  r e s i s t o r  w attage  r a t i n g  a l s o  reduced.
In  many c a s e s ,  th e  n e a r e s t  to l e r a n c e  r e s i s t o r  va lve  i s  
used, the  on ly  very  c r i t i c a l  v a lu es  in  th e  equipment be ing  
th e  fe e d b a c k -c o n tro l  r e s i s t o r s  i n  th e  c a l i b r a t i n g  o s c i l l a t o r  
which ware made up t o  s u i t  by p a r a l l e l i n g  s e v e r a l  s ta n d a rd  
value r e s i s t o r s .  P u lse  c i r c u i t  impedances ere  kep t  as low 
as p o s s ib le  throughout to  minimise th e  e f f e c t s  o f  i n t e r ­
m odulation  and i n t e r a c t i o n  due t o  s t r a y  c a p a c i t i e s .
# # #
Fig . 5.1. I .
4iv& . r^ok\h
■'7 ’ ^  '
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Chapter 5 
C o n s t ru c t io n a l  D e ta i l s
P ig ,  5.1 shows the  in s trum en t  in  f in i s h e d  form viewed 
from th e  f r o n t .  There are  two p an e ls  corresponding  to  
the  two c h a s s i s  of th e  equipment, th e  upper co n ta in in g  th e  
t r i g g e r ,  de lay ,  i n j e c t i o n ,  modulating and o s c i l l a t o r  c i r c u i t s ,  
and th e  lower c h a s s i s  th e  pov^sr supply u n i t s .
The top panel c o n t r o l s  a re :  R h ase -S h if t  (PS) which
c o n t ro l s  th e  ang le-of-chop  -  the  d e la y  c o n t r o l s  a lso  a f f e c t  
t h i s  bu t  to  a l e s s e r  e x t e n t ;  Main T r ig g e r  (MT) which i s  
the  b i a s  c o n t ro l  on th e  t h y r a t r o n  t r i g g e r  g e n e ra to r  and i s  
s e t  j u s t  to  cause t r i p p in g  of th e  t h y r a t r o n ;  Coarse Delay (CD) 
which s e l e c t s  the  t im ing c a p a c i to r s  o f  th e  de lay  m u l t i v i b r a to r  
and Fine Delay (FD) c o n t r o l l i n g  th e  500 kO l i n e a r  law 
p o te n t io m e te r  and th e r e fo r e  th e  g r id  v o l tag e  of th e  f i r s t  
s e c t io n  of the  6SN7 m u l t i v i b r a t o r ;  Waveform S e le c to r  (WS) 
which s e l e c t s  the  waveform a t  one of e leven  p o in t s  th roughout 
the c i r c u i t  as in d ic a te d  by th e  numbered arrows on the  c i r c u i t  
diagrams; C a l ib r a t in g  Frequency (CF) s e l e c t i n g  one of th r e e  
f req u en c ie s  a l re a d y  mentioned; and Modulation Duration  (MD) 
sw itch ing  th e  t im ing  c a p a c i to r s  o f  the  m odulation d u ra t io n  
m u l t i v i b r a t o r .  Pye male socke ts  prov ide  the  fo llowing  
o u t l e t s :  Waveform Check; C a l ib r a t in g  O s c i l l a t o r  (GO);
Negative T r igger  from y I -T ) ;  P o s i t i v e  T r igger  from S (+T);
F î ^ .  5 3 .  —  l ( K c ie A " s \4 c
u-^joer ckcLsëis.
Fvcj. 5.4-. !?*V.I. — LAwole\rS\ci<
li loLûer c.kcu55is .
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Hîilf-Wave I n j e c t i o n  Cu rrent to system under t e s t  (HW); and 
Modulation P u lse  (IvIP). There i s  a l so  a to g g le  switch by 
which th e  t e s t  network may be switched in  when an e x te rn a l  
system i s  d oub tfu l  or  u r ,av a i lab le .
The bottom panel c o n t ro l s  a re  Waveform jUaplitude (WA) 
switching the  va r ious  r e s i s t o r s  in  the 6N7 anode c i r c u i t  
and the reby  a l t e r i n g  the  eiaplltude of th e  i n j e c t e d  c u r r e n t ,  
and th r e e  togg le  sw itches  f o r  th e  power u n i t s  with t h e i r  
r e s p e c t iv e  i n d i c a to r  lamps. There i s  a lso  a socke t  f o r  the  
mains inpu t  to  t h e  equipment.
P ig .  5 .2  shows the c h a s s i s  removed from the  Case and 
viewed from the r e a r .  Except f o r  major ad jus tm en ts ,  the  
c h a s s i s  remain s t rapped  to g e th e r  as a s in g le  u n i t  by means 
of the  b ra s s  s t r i p s  at th e  c o rn e r s ,  so p e rm i t t in g  a l l  
normal ad justm ents  to  be made w i th  th e  minimum of inconvenience 
Most of the  p r e s e t  p o te n t io m e te r s  are lo c a te d  on theback 
f lan g e  of th e  upper c h a s s i s ,  and w ith  th e  a i d  of the Waveform 
Check svv'itch end o u t l e t  the  d es i red  c i r c u i t  fu n c t io n s  may 
be qu ick ly  so t  up. F ig s .  5 .3  and 5 .4  show the  unders ides  
of the  upper and lower c h a s s i s  r e sp e c t iv e ly *
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Chapter  6
Operation o f  the  Instrum ent
P re l im in a ry  Adjustments;
Before switching on and s e t t i n g  up th e  ^ u r r e c t  o p e ra t io n  
of  the c i r c u i t s ,  the  Phase S h i f t  c o n t ro l  should be s e t  to  
«cu rren t  z e ro ’’ , the  Main T r ig g e r  c o n t ro l  to maximum 
n e g a t iv e  b i r s  ( f u l l y  a n t i - c lo c k w is e ) ,  the  Coarse Delay to 
p o s i t i o n  1 and th e  Time Delay to  th e  c e n t re  of i t s  t r a v e l ;  
p r e - s e t  p o te n t io m e te rs  f i x i n g  the  b ia s  v o l ta g e s  to  t h e  
Various va lves  must be s e t  t o  g ive  maximum n e g a t iv e  b ia s  as 
in  some cases g r i d  b ia s  v o l ta g e s  which are co n s id e ra b ly  
p o s i t i v e  may o therw ise  be applied* The beam modulation 
c i r c u i t s  may be ignored  te m p o ra r i ly  a f t e r  the  above 
p re c a u t io n s  have been ta k en ,  and the  o s c i l lo g ra p h  opera ted  
without e x te r n a l  modulation*
The o s c i l lo g ra p h  may be t r i g g e r e d  from th e  p o s i t i v e  or 
neg a t iv e  o u tp u ts ,  t h e r e  being l i t t l e  to  choose between them, 
and the  ou tpu t  from HW taken  to  the  d e f l e c t o r  p l a t e s  through 
an a m p l i f i e r  i f  d e s i r e d .  The T es t  Network should p r e f e r a b l y  
be used in  th e s e  i n i t i a l  s ta g e s .  The s e t t i n g  procedure  
depends on use of th e  Waveform S e le c to r  f a c i l i t y  and waveforms 
from the  Waveform Check ou tpu t should be a p p l i e d ‘to  the o th e r  
s e t  o f  o s c i l lo g ra p h  d e f l e c t o r  p l a t e s .  The o s c i l lo g ra p h  is  
normally  used w ith  the ^ t r ig g e re d  t im ebase” arrangement.
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but f o r  check purposes the  **repetit ive t im ebase” i s  
u s e fu l  as t h i s  allows s e v e ra l  i n j e c t e d  h a l f - c y c l e s  to be 
observed although the  recovery  v o l t a g e s  are  very  small 
and cramped.
Using th e  Waveform S e le c to r  f a c i l i t y ,  the  phase-
s h i f t e d  (PS) end squared ( s i )  waveforms are checked w ith  a
" r e p e t i t i v e  timobase" .  The Main T r ig g e r  f r o n t  pane l
c o n t ro l  i s  then  ad ju s ted  t o  g iv e  la rg e  s in g le  equ i-spaced
t r i g g e r s  ( s e l e c t o r  p o s i t i o n  -T o r  + T) and t h e r e a f t e r  th e
" t r ig g e r e d  t im ebass"  should op e ra te  s a t i s f a c t o r i l y .  C orrec t
o p e ra t io n  of  the  th y ra t ro n  t r i g g e r  g e n e ra to r  can a lso  be
judged by observ ing  th e  glow from th e  BT19 v a lv e .  The
delay  m u l t i v ib r a to r  p u lse  i s  nex t  observed and th e  d e lay
d u ra t io n  (DD) v a r ie d  by the  Coarse or Time Delay c o n t r o l s .
A p r e - s e t  p o te n t io m e te r  (20 ki2, 4w) c o n t ro l s  the  b ia s  on
the  delayed t r i g g e r  s e l e c t i o n  a m p l i f i e r  and th e  r e s u l t i n g
chopping c i r c u i t  t r i g g e r  (CT) should be n eg a t iv e -g o in g  on ly .
Another p r e s e t  p o te n t io m e te r  p e rm i ts  adjustment of th e
chopping p u lse  (CP) so t h a t  i t  i s  of s u i t a b l e  d u ra t io n  and
s t a b i l i t y .  F ih a l ly  in  t h i s  sequence, the shape of the
half-wav© (E^ fJ) of c u r re n t  may be observed on ano ther  s e l e c t o r
p o s i t i o n .  By tu rn in g  the Phase S h i f t  co n t ro l , /« cu r ren t
%chopping may now be produced and th e  d e s i re d  recovery  v o l ta g e s  
ob ta ined ;  f u r t h e r ,  th e  amplitude of the  recovery  v o l ta g e s  
w i l l  depend on the  amplitude of  th e  in j e c t e d  c u r r e n t  which
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i s  c o n t ro l l e d  by a seven p o s i t i o n  switch  on th e  lower
p an e l .  A compromise may be n ecessa ry  h e re ,  f o r  when
an accu ra te  c u r re n t  waveform i s  d e s i r e d ,  the  recovery
v o l ta g e s  w i l l  be sm a l le r  (due t o  l a r g e r  va lue  of i n j e c t i o n
c i r c u i t  r e s i s t a n c e )  and more a m p l i f ic a t io n  w i l l  be re q u i re d .
The modulation c i r c u i t s  may be s i m i l a r l y  s e t  up, the
waveforms being i n i t i a l l y  observed using  the  Waveform
S e le c to r  sw itch ,  and then  by removing th e  l i n k  behind the
s id e  panel of th e  o s c i l lo g ra p h ,  the  modulating wavefoim
may be app l ied  to  th e  a p p ro p r ia te  te rm in a l  end th e  r e s u l t
observed. The m odulation d u ra t io n  (MD) i s  c o n t ro l l e d  by
the  pu lse  from th e  monostable m u l t i v i b r a to r  f o r  which a
500-kg, p r e s e t  p o te n t io m e te r  p ro v id es  adjustment# The 
modulation t r i g g e r  (MT) i s  th e  delayed and s e le c te d  t r i g g e r
which t e m i n e t e s  beam b r ig h te n in g ,  and which causes  one
t r a n s i t i o n  of the modulation puls© (MD) b i s t a b l e  m u l t i v i b r a t o r ,
which in  tu r n  has a p r e s e t  adjustment o f  b ia s  to  the g r id s
of the  v a lv e s .
The Calibrating o sc il la to r  c ircu it  requires l i t t l e
adjustment.  The feedback c i r c u i t  r e s i s t o r s  a re  chosen
to  give a pu lsed  o s c i l l a t i o n  of approxim ate ly  cons tan t
amplitude, a process of t r ia l  and error, which, ^should the
-  .
p re s e n t  va lues  d r i f t ,  i s  e a s i l y  re p e a te d .  The tuned c i r c u i t  
va lues  a lso  have been s u i t a b l y  chosen: the  in d u c to r s  are
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i d e n t i c a l  but ac ross  the  trimmer c a p a c i to r s  have been 
added f ix e d  c a p a c i to r s  to  b r in g  th e  d e s i r e d  frequency 
w ith in  the  range of the  r e s p e c t iv e  trimmer. Though 
the  o s c i l l a t i o n s  are p u ls e d ,  i t  i s  q u i t e  p o s s ib le  to  
compare t h e i r  f requency w ith  t h a t  of  a continuous (sub­
s tandard)  o s c i l l a t o r  u s ing  L i s s a jo u ’ s f i g u r e s .  The 
adjustment of the  continuous o s c i l l a t o r * s  frequency i s  
r a th e r  c r i t i c a l  but the  method i s  o therw ise  simple and 
e f f i c i e n t .  Other p o s s ib le  methods have been descr ibed  
elsewhere (B ib l iography  106, Sec t ion  2 0 ,6 ) ,
Routine Measurements;
D i s t i n c t  from s e t t i n g  up procedure and checks on 
opera t ion  of the  ins trum en t ,  th e re  era  c e r t a i n  measurements 
on recovery  v o l tag e  waveforms which are  r e g u la r l y  d e s i re d ,  
such as fundamental f requency , decrement, and amplitude 
of the f i r s t  vo l tag e  c r e s t ,  the  l a t t e r  being a fu n c t io n  o f  
the  in j e c te d  w’aveform as w ell  as o f  the system. I t  i s  
usua l  to reco rd  the  recovery  v o l t a g e s  on 55 mm, photographic  
f i lm  which may be fed  through a p r o j e c to r ,  thus  enabling  
measurement o f  en larged  t r a c e s  to  be made from a graph paper 
screen .  Time c a l i b r a t i o n  in  the  h o r i z o n ta l  ax le  i s  r e a d i ly  
achieved us ing  one o f  the  t h r e e  c a l ib r a t i n g  f req u en c ie s  
a v a i l a b l e .  Voltage c a l i b r a t i o n  in  th e  v e r t i c a l  ax is  i s  
b e s t  mad© by ta k in g  a s p e c ia l  o sc i l log ram  of a continuous 
o s c i l l a t i o n  ob ta ined  from a s ig n a l  g e n e ra to r  of  a frequency
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s i m i l a r  to  t h a t  of th e  recovery  v o l t a g e ,  and am plif ied  
by the  same a m p l i f i e r  as the recovery  vo l tag e ]  knowledge 
o f  th e  amplitude of the  continuous o s c i l l a t i o n  from valve 
v o l tm e te r  measurement g iv e s  the v e r t i c a l  s c a l e  f o r  a s e r i e s  
o f  o sc i l lo g ram s .
The amplitude of th e  i n j e c t e d  ha lf-w aves  o f  c u r r e n t  
may be found in  two ways (D5). l o t h  r e q u i r e  th e  i n s e r t i o n  
of  a r e s i s t o r ,  u s u a l ly  6002, on the  non -ee r th y  s ide  o f  
the  system under t e s t ,  I . e .  in  s e r i e s  w ith  th e  system, 
end the measurement by o s c i l lo g ra p h  of the  vo l tage  ac ross  
the  r e s i s t o r  ( the  o s c i l lo g ra p h  c h a s s i s  " f l o a t i n g ^  w ith  
re s p e c t  to  e a r t h ) .  The amplitude of th e  i n j e c t e d  c u r r e n t
may then  be found (F ig .  6 .1)  d i r e c t l y  by us ing  the\" r e p e t i t i v e  t i i e b a s e "  o f  th e  o s c i l lo g ra p h  to  d i s p la y  s e v e ra l  
c y c le s ,  or  by using  th e  " t r ig g e r e d  timebase" and a long 
delay  from tlme-sweep i n i t i a t i o n  to  c u r r e n t  zero  the reby  
d isp la y in g  th e  s lope  of th e  c u r r e n t  wave befo re  the  zero  -  
t h i s  s lope  in  amperes p e r  second i s  s imply r e l a t e d  to  th e  
peak value  o f  the  c u r r e n t .  This l e t t e r  method i s  somewhat 
more accu ra te  and also p rov ides  an e x c e l l e n t  check on any 
depar tu re  from the  almost l i n e a r  law d e s i r e d  a t  t h i s  po in t  
f o r  the  in j e c t e d  c u r r e n t .  The v o l ta g e  ac ro ss  the  60 -£  
r e s i s t o r  in  the  cathode c i r c u i t  o f  th e  6H7 chopping valve  o f  
the  i n j e c t i o n  c i r c u i t  i s  no t  so d e s i r a b l e  f o r  t t t i s  c u r r e n t  
n eesûrement s ince  a sm all  s teady  g r id  c u r re n t  may a lso  be
f* ~flovdng through th e  60-2 r e s i s t o r .
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Chapter  7 
Proving T es ts  and Methods
With such a simple i n j e c t i o n  c i r c u i t ,  i t  n ig h t  be 
thought t h a t  th e re  was no p o s s ib l e  cause f o r  e r r o r  i n  
reco rd in g s  made us ing  th e  Instrument* The Proving T e s ts  
showed otherevise, f o r  n a t u r a l  f re q u e n c ie s ,  decrement, 
and amplitude of f i r s t  r e c o v e ry  v o l tag e  peak a l l  d i f f e r e d  
c o n s id e ra b ly  a t  f i r s t  from the  m a th em a t ica l ly  p r e d ic te d  
r e s u l t s *
Simple p a r a l l e l  tuned c i r c u i t s ,  th e  pa ram ete rs  o f  
which were a c c u r a t e ly  known, were used as  t e s t  systems* 
N a tu ra l  f r e q u e n c ie s  were a l l  lower th a n  expected  and 
measurement o f  the  c a p a c i ta n c e  between th e  ou tpu t  te rm in a ls  
o f  th e  i n j e c t i o n  c i r c u i t  by 1000 c / s  Impedance Bridge 
rev ea led  an in h e r e n t  ou tpu t c a p a c i ta n c e  g r e a t e r  than  
2000 pF. Removal o f  th e  screened  w ire  from th e  I n j e c t i o n  
c i r c u i t  and i t s  replacement by o rd in a ry  w ire  has  produced 
no i l l  e f f e c t s ,  end th e  ou tpu t  c a p a c i te n c e  i s  now 
approxim ate ly  540 pF which, compared ?^ith t y p i c a l  system 
c a p a c i ta n c e s  of  over O . lp J ,  g iv e s  n e g l i g i b l e  change from 
th e  t r u e  n a t u r a l  f requency .  I f  low c a p a c i ta n c e  systems 
a re  t o  be t e s t e d ,  then  th e  in s t ru m en t  ou tpu t  C apac itance  
can be allcvjed for*
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D isc repancies  In decrement va lues  gave r i s e  to  
co n s id e rab ly  more t r o u b le .  A f te r  ex?3mining osc i l log ram s 
obta ined from s in g le  o s c i l l a t o r y  d isch a rg es  in  th e  t e s t  
c i r c u i t  (See F i g . 7 .3) vhere no a d d i t io n a l  damping could 
p o s s ib ly  e x i s t ,  i t  was found t h a t  the  r e s i s t a n c e  of the  
t e s t  in d u c to r  v a r ie d  co n s id è ra b ly  with  frequency even 
a t  the  low f r e q u e n c ie s  (C. 10 Eo/s)  involved , and the  
d .é .  r e s i s t a n c e  value was u s e l e s s .  This was confirmed 
l a t e r  by o th e r  i n v e s t i g a t o r s  in  th e  Royal Technical 
College. Taking t h i s  in c re a s e  of r e s i s t a n c e  with 
f requency  in t o  account gave c l o s e r  agreement w ith  the 
mathematical p r e d i c t i o n s ,  b u t  no t  c lo se  enough fo r  normal 
working. F in a l ly  i t  was re so lv e d  t h a t  a co n s tan t  
r e s i s t a n c e  o f  about 19 was e f f e c t i v e l y  across  the 
tuned c i r c u i t  and t h i s  was e v e n tu a l ly  t r a c e d  to  the mutual 
In d u c t iv e  and c a p a c i t iv e  e f f e c t s  i n  the  i n j e c t i o n  c i r c u i t  
t r an s fo rm er  a l re ad y  r e f e r r e d  to  (F ig .  7 .1 ) .  By us ing  
s e p a ra te  i n j e c t i o n  c i r c u i t  and t r i g g e r  c i r c u i t  t ran s fo rm ers  
In s te a d  o f  s e p a ra te  windings on the  seme core ,  t h i s  e r r o r  
was reduced t o  small p ro p o r t io n s .
The e r r o r  i n  th e  amplitude of the  f i r s t  recovery 
vo ltage  peak was i n i t i a l l y  due to  a n o n - l in e a r  dynamic 
c h a r a c t e r i s t i c  of a 6J5 chopping valve  w h i c h o v e r c o m e  
by in c re a s in g  the  s e r i e s  r e s i s t a n c e  i n  the  i n j e c t i o n  c i r c u i t ,  
in c re a s in g  the  i n j e c t i o n  c i r c u i t  t r an s fo rm er  secondary
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vo ltage  to  450 v o l t s  and s u b s t i t u t i n g  both h a lv es  o f  a 
6N7 working i n  p a r a l l e l *  By observ ing  th e  l i n e a r i t y  o f  
the  i n j e c t i o n  c u r re n t  n ea r  c u r r e n t  zero as d esc r ib ed  in  
the  l a s t  ch ap te r ,  and a d ju s t in g  th e  6ÎI7 g r id  b i a s  v o l ta g e ,  
and the aforementioned s e r i e s  r e s i s t a n c e ,  s a t i s f a c t o r y  
r e s u l t s  were achieved .
In  a l l ,  agreement to w ith in  ten  p e r  cen t  on these  
th re e  f e a tu r e s  of th e  recovery  v o l ta g e  compared w ith  r e s u l t s  
ob ta ined  by c a l c u l a t i o n ,  th e  s in g le  o s c i l l a t o r y  d ischarge  
method, or resonance w ith  an app l ied  s ig n a l  from s ig n a l  
g e n e ra to r ,  has been proved (F ig s .  7 .3  and 7 .4 ) ,  and in  
many cases agreement i s  much c l o s e r .
A d d i t io n a l ly ,  comparison was p o s s ib le  w i th  th e  
r e s u l t s  ob ta ined  by o th e r  i n v e s t i g a t o r s ,  Messrs* Pender 
and S r iv a s ta v a ,  who have used a h igh c u r r e n t  t e s t  c i r c u i t  
(Fig. 7 . 5 ) .  The 12,000|liF c a p a c i to r  bank i s  charged to  
1000 v o l t s ,  and d ischarged  through th e  t e s t  c i r c u i t  which 
has a resonan t  frequency of  approximately  50 c / s .  Such 
a d ischarge  may be i n i t i a t e d  e i t h e r  by c lo s in g  th e  sw itch  
and f i r i n g  the  arc  a t  the  t e s t  c o n ta c ts  by an impulse 
g e n e ra to r ,  or by connecting  fuze w ire ac ro ss  the  oon tao ts  
and then  c lo s in g  the sw itch .  The arc so s t r u c k  a t  the  
c o n ta c ts  has a d u ra t io n  of  s e v e ra l  h a l f - c y c l e s  and a 
maximum c u r re n t  of 3000 amperes to  s im ula te  f a u l t  c u r r e n t  
can f low. The i n t e r e s t i n g  f e a t u r e  of t h i s  comparison
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I s  th a t  t h i s  high cu r ren t  c i r c u i t  r e p re s e n ts  the  more 
ty p ic a l  p r a c t i c a l  case where a d d i t io n a l  damping of the 
recovery  vo ltage  might he caused by p o s t - a r c  c o n d u c t iv i ty  
between th e  t e s t  c o n ta c ts .  (See F ig .  7 .6)  (Also I>6).
The p o s s i b i l i t y  of using the  R .7 . I .  on an un -eer thed  
( i . e .  f lo a t in g )  system has  a lso  been in v e s t ig a te d ,  s ince  
the  unavoidable capac i tances  from th e  output te rm in a ls  o f  
the  R .T . I .  to  e a r th  (supply  n e u t r a l )  mainly v ia  the  mains 
t ransfo rm ers  might a f f e c t  the f req u en c ie s  of  recovery  
v o l tag es  recorded .  Using a 1000 c / s  Impedance Bridge 
these  cap ac i tan c es  were found to  be 2150 pF from R .V .I .  
c h a s s is  to  e a r th  and 320 pF from in j e c t i o n  c i r c u i t  
t ransfo rm er  to  e a r th ,  which again  would normally be sm all  
compared w ith  system c a p a c i ta n c e s ,  bu t which could be 
allowed f o r  i f  necessa ry .  The core of  th e  i n j e c t i o n  
c i r c u i t  t rans fo rm er  i s  i s o l a t e d  from th e  c h a s s i s  to reduce 
such cap ac i ta n c e s  and t h e i r  e f f e c t s .
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Chapter  8 
F ie ld  T es ts
To d a te ,  f i e l d  t e s t s  using th e  have been made
by Mr. J .  McGregor, o f  the  Royal Technical College on 
va r ious  f e a t u r e s  of a power system a t  Haggs Hoad Sub- 
S t a t i o n ,  Glasgow, In  p a r t i c u l a r ,  reco v ery  v o l t  age t e s t s  
have been c a r r i e d  out on over two m ile s  of 132-kY g a s - f i l l e d  
cable  between Haggs Road and Govan S ub -S ta t ions  of the  
B r i t i s h  E l e c t r i c i t y  A u th o r i ty ,  and on two la rg e  132 kT/33kY 
tran s fo rm ers .  The H.T.I# has a l so  been used, in p re fe re n c e  
to  a (i-moter or  o th e r  methods, t o  measure the  s e l f - c a p a c i t a n c e  
to e a r th  of a t ran s fo rm er  winding by adding a small a d d i t io n a l  
c a p a c i to r  and n o t ing  th e  d i f f e r e n c e  i n  n a tu r a l  winding 
f re q u e n c ie s  recorded ;  the  t e s t  being made a t  more t y p i c a l  
f re q u e n c ie s  fo r  the  t ra n s fo rm e rs  than  would be o therw ise  
conven ien t .
Comparison of the t e s t  r e s u l t s ,  in  th e  casa  o f  the 132-kT 
g a s - f i l l e d  c ab le ,  with  th o se  ob ta ined  by c a l c u l a t i o n  or by 
R.S.O. impulse t e s t s  ( q . v . ) has shown reasonab le  agreement 
(F igs .  8 .1  and 8 . 2 ) .  In  the case of a c a b la to r  t ran sm iss io n  
system having branches or in te rc o n n e c t io n s ,  the R .V .I ,  would 
give th e  most d i r e c t  p r e d i c t i o n  of l i k e l y  recovery  v o l t a g e s ,  
s ince  mathematical a n a ly s i s  could be most involved , and
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im pulse/pulse  t e s t i n g  might g ive  evidence d i f f i c u l t  
to  i n t e r p r e t .  Having been proved r e l i a b l e  on such a 
simple system, th e r e  a re  no grounds f o r  expecting o the r  
than r e l i a b l e  r e s u l t s  from more complicated networks, 
e s p a c i s l ly  when th e  choice from a s e l e c t i o n  of mutual 
inductances ,  and doubts regard ing  damping in troduced  
by the ins trum ent are  avoided ( c f .  the  H .T .Ï .  of 
Wilkinson(14)) in  t h i s  new appara tus .
Gable T e s t s ;
The t e s t s  were made on a th r e e  phase 132-kY p ip e ­
l i n e  compression c a b le ,  4452 yards long. The cab le  
i s  a th ree  core paper in s u la te d  type with oval 
conductors and in d iv id u a l  le a d  shea th s ,  the l a t t e r  being 
bound with  n o n -fe r rous  ta p e s .  There are a d d i t i o n a l l y  
a t  each end 17.5 yards o f  s in g le  core  cables  t r i f u r  ea t ing  
to  the s e a l in g  b e l l s .  The e f f e c t s  of these has  been 
neg lec ted  in  c a l c u l a t i o n s .  The t e s t  connections 
re p re se n t  the fo llowing  f a u l t s ;  phase to  phase; phase 
to  phase, to e a r t h ;  phase t o  e a r th ;  th ree  phase f a u l t ;  
th ree  phase to  e a r th ;  and th re e  phase to e a r th  through 
109.
C a lc u la t io n  of the r e le v a n t  induc tances  gnd capac i tan ces  
in  o rder  to f i n d  the surge impedance, or  the t r a n s i t  
time of a cable  can only  be approximate. Skin end 
p rox im ity  e f f e c t s  were ignored in  the c a l c u l a t i o n  o f
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induc tance ,  and co res  and s h e a th s  were cons ide red  c i r c u l e r .  
Gosland(46), and McGregor(47) have compared c a lc u la t e d  and 
experimental r e s u l t s  and have noted the  f a c t o r s  vhich  must 
be taken in to  account to  o b ta in  agreement. F ig s .  8 .1  
and 8 .2  show such a coi%)arison, c a l c u l a t i o n  (a) using  
the value of s t a r  induc tance  a t  50 o / s ,  and c a l c u l a t i o n  (b) 
the  inductance from core to  sh e a th  n e g le c t in g  lo s s e s  and 
based on th e  in s id e  d iam eter  of t h e  sh ea th .  I n  F ig s .  8 .1  
and 8 .2  i t  w i l l  be n o t ic e d  t h a t  th e re  i s  a co n s id e rab le  
discrepancy i n  th e  r e s u l t s  of c a l c u l a t i o n s  ( e) ,  i . e .  
using a value  of induc tance  ob ta ined  from the s t a r  
reac tance  as used in  s te a d y  s t a t e  c a l e u l a t i o n s .  This  
value of inductance i s  n o t  t r u l y  a p p l ic a b le  to  t r a n s i e n t  
co n d i t io n s ,  and the  value used in  c a l c u la t io n s  (b) i s  a 
b e t t e r  approximation. The t ru e  induc tance  v a lu es  
a s so c ia te d  w ith  the  s t e e p - f ro n te d  R.S.O. impulse wave 
(having a h igh -f requency  component) and the R .T . I .  h a l f ­
wave and ensuing o s c i l l a t i o n  are a l s o  l i k e l y  to  be d i f f e r e n t .  
Measurements of  inductance  and cap ac i tan c e  using a 1000 c / s  
Impedance Bridge have a l s o  shown good agreement w ith  the  
core t o  sheath  v a l u e s .  Hence Zo = sTZJo and th e  t r a n s i t  
t  ime T = V t . G.
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The surge Impedanoe may be found from R.T.I# r e c o rd s  
by noting t h a t ,  up to  the time o f  t h e  f i r s t  r e f l e c t i o n  
V = i .z o  where i  = k . t  and k i s  th e  s lo p e  of th e  i n j e c t e d  
c u r r e n t .  I f  then k i s  measured j u s t  b e fo re  c u r r e n t  ze ro ,  
and the re c o v e ry  v o l ta g e  has  a value v a t  time t  b e fo re  
the  f i r s t  r e f l e c t i o n ,  2 o = T / k . t  may be found. The t r a n s i t  
time i s  measured w ith  the  f a r  end o f  the cab le  s h o r t - c i r c u i t e d ,  
•from th e  i n t e r v a l  between su c c e ss iv e  maxima (o p p o s i te  
p o l a r i t i e s )  of the reco v e ry  v o l t a g e ;  accu ra te  measurement 
o f  t h i s  time may be d i f f i c u l t  due to  th e  rounded form o f  
the  peaks.
Bast r e s u l t s  w ith  t h e  R.S.O. have been ob ta in ed  u s in g
an impulse waveform r a t h e r  th a n  a p u lse  waveform, and by
a r ran g in g  fo r  c o n t ro l  o f  th e  lo ad  im pedance .a t  th e  f a r  end
of th e  c a b le ,  s u i t a b le  r e f l e c t i o n s  may be d isp la y e d  at the
sending end. Twice the  t r a n s i t  t ime is  d i r e c t l y  measurable
(D7, D8) w h i le ,  by a r ran g in g  f o r  the load  r e s i s t a n c e  (a H.F.
decade r e s i s t a n c e  box) to  be v a r ie d  in  one ohm s te p s  near
the matching va lu e ,  th e  minimum r e f l e c t i o n  value can be 
judged t o  w i th in  two p e r  cent of th e  c o r r e c t  matching
value (D9). This p ro c e ss  can be q u i t e  r a p i d  and g iv e s  a
v i r t u a l  d i r e c t  r e a d in g ,  as compared w ith  th e  examination o f
re c o rd s  and subsequent c a l c u l a t i o n  n e c e s sa ry  ubing the  R.Y.I*
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Transformer T e s t s ;
SO f a r ,  t e s t s  have been made on two t ra n s fo rm e rs ,  a 
H e t ro p o l i ta n -T ic k e rs  60 MYa, 132/33 kY des ig n ,  and a Parsons 
45 MYA 132/33 kY des ign ,  t o  compare p a r t i c u l a r l y  th e  
araplitudes o f  th e  t r a n s i e n t  o s c i l l a t i o n s  ob ta ined  us ing  the 
R .Y .I .  with  those  ocmputed from winding t e s t s  and data#
F i r s t ,  i t  was n e cessa ry  to f in d  th e  v a r i a t i o n  in  winding 
inductance w ith  frequency ,  and th e  s e l f - c a p a c i t a n c e  of the 
winding. In bo th  o a se s ,  approximate r e s u l t s  were ob ta ined  
using th e  R .Y .I .  i t s e l f  to  determine n a t u r a l  f re q u e n c ie s  w ith  
and without added capac i tance  ( s im i l a r  t o  a 0,-meter technique)# 
The amplitude of the t r a n s i e n t  o s c i l l a t i o n s  may then  be 
c a lc u la t e d  from Iwh (zero  pause c o n d i t io n )  or Ic  Vl / c 
(c u r re n t  chopping c o n d i t io n ) ,  as in d ica te d  in  Appendix A,
Good agreement has been achieved in  th e  p re l im in a ry  
ana lyses  f o r  the zero  pause c o n d i t io n ,  bu t not f o r  the 
cu r ren t  chopping esse  due, i t  i s  suggested ,  to the assumed 
winding inductance value being in c o r r e c t  f o r  the chop waveform 
having a h igh -frequency  component# For th e  P a rso n s  t ran s fo rm er ,  
a double frequency t r a n s i e n t  has complicated t h e  comparison 
of amplitudes.
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Chapter  9 
Conclusion
A new ins trum ent has been descr ibed  which u se s  
en extended technique to  al low c u r re n t  chopping of the  
in j e c te d  half-wave of c u r r e n t .  Thou^i system a n a ly s i s  
may be c a r r i e d  out using th e  simple zero  pause recovery  
v o l ta g e ,  th e  more sev e re  v o l tag e  t r a n s i e n t s  due to  chopping 
may be r e a d i l y  simulated and analysed* Also, while the 
c i r c u i t r y  i s  more ex tens ive  th a n  t h a t  of the  R .T . I .  
p ioneered by Wilkinson, the  p r in c ip le  i s  s im pler  and the  
o sc i l lo g ra p h  techn ique  should be eq u a l ly  good ( i t  must 
be remembered t h a t  Wilkinson used h i s  own timabase and 
Cathode ray  tube c i r c u i t s ,  the reby  making the  o v e r a l l  des ign  
s im p le r ) .  T es ts ,  both on a r t i f i c i a l  and p r a c t i c a l  systems,
have shown th e  ins trum ent t o  be adequate ly  accu ra te  and 
sound in  p r a c t i c e !  Compared ^'Ath the  techn ique  using  la rg e  
end v a r ious  mutual induc tances ,  the p re se n t  ins trum ent i s  
probab ly  l i g h t e r  end more u n iv e r s a l ly  a p p l ic a b le ;  i n  f a c t ,  
no p r a c t i c a l  case has yet been encountered where th e  
apparatus i s  unusable*
I t  i s  perhaps  p e r t i n e n t  t o  compare th e  in fo rm ation  
obta ined  by th e  R .T . I .  with  t h a t  of o th e r  t e s t i n g  methods. 
The R.T.I# g iv es  d i r e c t  in fo rm ation  on n a tu ra l  f requency, 
decrement, and f i r s t - p e a k - a m p l i tu d e ,  the l a t t e r  being  th e
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only  f a c to r  e f fe c te d  by in j e c t e d  c u r re n t  amplitude in  a 
l i n e a r  system. The R.S.O. impulse or pu lse  t e s t s  g ive  
in form ation  on t r a n s i t  time and su rge  impedance from which 
may be derived th e  va lues  f o r  system n a tu ra l  frequency  and 
c u t - o f f  frequency. A t h i r d  method, which has on ly  been 
used by the author in  th e  s i n g l e - s t r o k e  form, would be th e  
r e p e t i t i v e  charging of the  system cap ac i tan ce  by a cons tan t  
vo l tage  pu lse  followed by f r e e  o s c i l l a t i o n s  of the system 
a t  open te rm ina ls  w ith  th e  pu lse  removed, t o  g iv e  in fo rm ation  
on system frequency and decrement. This method i s  s im i la r  
to  th a t  of the  R .Y .I .  except t h a t  the chopping component 
i s  recorded w ithou t  th e  normal recovery  vo l tage  component 
(See APP^^adix a) .
Previous  authors  have given prominence to  the t e s t i n g  
of l i v e  networks, but th e re  a r e  few, i f  any, reco rds  of the 
continued s a t i s f a c t o r y  a p p l i c a t io n  of such equipments to 
a v a r i e t y  of systems. Quite apar t  from the  v i t a l  q u e s t io n  
of s a f e ty ,  th e  modern requ irem ents  of supply c o n t in u i ty ,  a t
l e a s t  on th e  more im portant p a r t s  of s t r an sm iss io n  network, 
have le d  to  c i r c u i t  d u p l i c a t io n  o r  a l t e r n a t i v e  ro u te in g  so 
t h a t  during p e r io d s  of l i g h t  load ing  the  n e c e s s i t y  to  work 
on a l i v e  system may o f ten  be obv ia ted .  An equipment which 
would opera te  s u c c e s s fu l ly  on l i v e  systems i s  s t i l l  d e s i r a b l e  
however.
One f e a tu r e  o f  the Exténded Half-Wave I n j e c t i o n  Method
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which g ives  some t r o u b l e ,  i s  the  o p e ra t io n  of th e  ins trum ent 
from mains s u b je c t  t o  con tinuous  r a p id  changes of lo a d  
e*g. due to  welding p l a n t .  In such cases ,  th e  r a t e  o f  
change of c u r r e n t  with  time a t  zero pause or the  time of 
chop f lu c t u a t e s  s u f f i c i e n t l y  to  produce a co n s id e rab le  
amplitude j i t t e r  o f  th e  recovery  v o l t a g e .  This i s  in h e re n t  
in  an equipment using the  mains es th e  i n j e c t i o n  c u r re n t  
source ,  end no such t ro u b le  would be  expected  where the 
in j e c te d  c u r r e n t  was l o c a l l y  gene ra ted .  There are two 
s o lu t io n s  to  th e  problem however: one i s  to  use th e  R .T . I .
during l i g h t  load  p e r io d s  when th e  in te f e r e n c e  i s  n e g l ig ib l e ;
the o ther i s  to  g en e ra te  a 50 c / s  supply  l o c a l l y  f o r  the  
R .Y .I .  a lone . In  p r a c t i c e ,  the  m a jo r i ty  of mains s u p p l ie s
seem to  be s a t i s f a c t o r y  fo r  normal purposes ,  and on ly  where 
s p e c i a l l y  s teady  t r a c e s  were r e q u i re d  say,-, to  o b ta in  h igher  
accuracy, would th e  c o r r e c t iv e  measures be n e c e s sa ry .
As with  the  R .S .O .,  the  most r e c e n t  p r a c t i c e  would 
favour  th e  use o f  m in ia tu re  v a lves  almost throughout th e  
equipment w ith  a p o s s ib le  saving in  space. A c o n s id e rab le  
red u c t io n  in  o v e r a l l  s i z e  would not be exp ec ted ,  s in c e  f o r  
ease of maintenance, reasonab le  access  must be prov ided  f o r
the l a rg e  number of coE^onents a s s o c ia te d  w ith  the  va lv es
•C-(see F ig .  5 .3 ) ,  and in  any case th e  por;er papks would remain 
roughly  th e  same s i z e .
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Two improvements i n  des ign  are  suggested .  The 
f i r s t  concerns th e  magnitude of t h e  i n j e c t e d  c u r r e n t ,  
which i n  a number of cases  has been found to  g iv e  a 
very smell and almost unmeasurable recovery  v o l ta g e .  A 
l a r g e r  i n j e c t i o n  c u r r e n t ,  say up t o  250 m i l l iam p ere s ,  would 
requ ire  a much l a r g e r  r e c t i f i e r / c h o p p i n g  v a lv e ,  b u t  t h i s  
would be w orthw hile .  secondly ,  the Phase S h i f t  (PS) and 
Delay (FD end CD) c o n t ro l s  a re  i n t e r - r e l a t e d  in  as much 
as a l l  th r e e  can a f f e c t  the  ang le -o f-chop .  Though t h i s  
i s  not very in c o n v en ien t ,  p rov ided  the n e c e s s a ry  measure­
ments t o  determine angle-of-chop  are  made f o r  each osc i l log ram , 
i t  p rec ludes  the  c a l i b r a t i o n  of any one c o n t ro l  in  ’♦degrees 
of chop’’. A s o lu t io n  i s  to d e r iv e  a t r i ^ e r i n g  p u lse  f o r  
the o s c i l lo g ra p h ,  and f o r  t h e  modulation and c a l i b r a t i o n  
c i r c u i t s  from a d u p l i c a te  chain  of p h a s e - s h i f t i n g ,  squaring 
end t r i g g e r  g en e ra t io n  s ta g e s  (see  Fig. 3 . 2 ) ,  so  t h a t  a 
de lay  m u l t i v ib r a to r  would be unnecessary  (de lay  would be 
obta ined by c o r r e c t  phasing of  t im ebase  i n i t i a t i o n )  end 
the normal Phase S h i f t  (PS) could be c a l i b r a t e d  c o n f id e n t ly .
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APPENDIX ’ A’
A StBOHARY OF A SIMPLE MATHEMATICAL APPROACH ÿO (tHE DETMilNATIOH Ot RÈCOŸERY
voltage
Using the  approximation suggested by Dannatt and 
Goodall(8 ) ;
For zero pause recovery  v o l t a g e ,  assume c u r re n t  
in j e c te d  to  be;
i  = W .i . t#
For small ang les-o f-chop  (6small)  where wt = s in  wt, 
assume c u r re n t  i n j e c t e d  t o  be;
/Vi  = W. i .  t  # — I c .
where Ic  = 1 , s in  0 •
For the  s im p les t  p a r a l l e l  tuned c i r c u i t ,  th e
o p e ra t io n a l  impedance may be w r i t t e n ;
a (p )  = V +2b
C {p^+ 2bp+ a^)
where 2b =R/L; a^= 1/LC; a lso  l e t  x^ = a^-b^, and /
a r c t a n  x /b .
Obtaining p a r t i a l  f r a c t i o n s ,  app ly ing  in v e rse  t r a n s fo rm a t io n s ,  
and no t in g  t h a t  when R i s  sm all ,  a > > b ,  x->a, and arc tan  
x /b  -> 90^, the t o t a l  recovery  v o l ta g e  w i th  dancing i s :  
ohCt) = - . emoct É. 4- (jt J^  1
+ u). -i j ( i — ^ ) I 1 ^ C ' x . t ) j
^ 1 4- 2 b t  - DC.
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or w ithou t  clamping, i . e .  R 0:
= - J V Ü .  i . s i n  6. 8 l n ^ +  w .L . i  (1 -  c o s ^  )
This l a t t e r  exp ress ion  i s  well-known, hu t  the former 
case (with damping) i s  not o f te n  quoted.
The f i r s t  term on the  r ig h t -h a n d  B i d e  of t h i s  l a t t e r  
equa t ion  i s  due to  c u r r e n t  chopping, while  the  second 
term i s  the za ro -pause  reco v e ry  v o l t a g e . I t  w i l l  he 
no ted  th a t  the  sense of th e  i n i t i a l  r i s e  of  recovery  v o l ta g e  
changes as chopping b eg in s  to  o ccu r .  When e ,  the  a n g le - o f -  
chop, i s  g r e a t e r  than  a few d e g r e e s ,  the second term 
above becomes n e g l i g i b l e  compared w ith  th e  f i r s t .
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app :em)ix  ’b ’
A GENERAL MATHEMATIOAI, APPROACH TO THEDHTEM IBATÏôi^OF VoÏiTAM
The method shown, u s in g  H e a v is id e ’ s Expansion 
Theorem, i s  an e l a h o r a t io n  on the  working given by 
B e w le y  (Ref. 102).  The au thor  has independently  ob ta ined  
a s im i la r  r e s u l t ,  d i f f e r i n g  only  in  sm all  d e t a i l ,  u s in g  
a t ) -m alt ip l ied  Laplace Transform method; the  working i s  
heavy, and many s i m p l i f i c a t i o n s  ( though j u s t i f i a b l e )  a re  
requ ired  to  r^ach an unders tandab le  r e s u l t .
Consider the  a p p l i c a t i o n  o f  a chopped sine-wave of 
c u r re n t  a p p l ied  to  a simple p a r a l l e l  tuned c i r c u i t  b u t  
w ith  a f u r t h e r  damping r e s i s t a n c e  re p re se n te d  by the  
conductance Q connected a c ro s s  the tuned c i r c u i t .  This 
conductance may re p re s e n t  the  leakance of the  system or 
a p r o te c t iv e  r e s i s t o r  connected a c ro ss  the  b reak e r  c o n t a c t s ,  
or b o th .  The c i r c u i t  b re a k e r  i s  assumed to  have opened, 
and th e  arc  across  the  c o n ta c t s  e x t in g u ish ed  a t  an angle  
0 b e fo re  a c u r r e n t  z e r o ,  or a t  t  = 0 f o r  the  c u r re n t  î  s in  
(cot — 0 ) .
The o p e ra t io n a l  form of the  c u r r e n t  i s :  
i  ( p )  = Î .  £ i >>£OSl.r - / B l n Q
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The r e le v a n t  o p e r a t io n a l  impedance of th e  c i r c u i t  i s :
Vd. VK' [P-t- Ip+b= _ —
5; ^  +  -g-^R+lpL) + ^ ( R  + )=L) C (^ (3*- +  2«(d+
u ; 2 \ L  C ; ;  LC
C ' I 4  2aj^ 4  ) .
Taking th e  normal s te p s  of H e a v is id e ’ s method:
, , M(b)(1) Put |p*0 in  the above exp ress ion  f o r  - T51^
^  = 0 / i . e .  no s te a d y  s t a t e  terms.
(S) Solve and o b ta in  the  n ro o ts  p^, p^ . . .  p^
i f  N(p) i s  o f  the degree ,
i . e .  Solve (, |?^4 io^)( 1?^  4  2 a |3 >4 j  :=* O
Hence = 4  Jlo  ^ .
|:?3 = -  U 4JDC  ^ ^14. = —. CL -q jcc ,
v^here oc  ^= .
(3) Form N’ (p) by d i f f e r e n t i a t i n g  N(p) vjith r e s p e c t  t o p .
= c  \ 4%coq)C2j,f2aj 4. 2 4 +
= 2 c  I ^ 4 ^  4- A%) I? •+ cuo^ ^
(4) Write th e  ex p re ss io n  f o r  MI.W •
^ jj, t  (|3 4- b j  03c«S -
■  ^ .2 C   ^ 2.^3 4. 5 x ^ " + ( ^ o , " + A > + l 0 j “
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(5) S u b s t i t u te  the  va lues  of pj, to  found in  (2) 
in  the exp ress ion  w r i t t e n  in  (4) .
The working may be reduced by noting t h a t  p^
$md p^, and pg and p^, a re  two s e t s  of co n ju g a te s ,  
end i t  i s  n ecessa ry  on ly  t o  c o n s id e r  one ro o t  of  
each s e t .
Taking p^ and s u b s t i t u t i n g ;
Expression  Jf. J .
 ^ — 2.j^^  — 3 aW)^  -4r JW 4- 7
^  o.i ( V . + j ) .
Taking pg and s u b s t i t u t i n g ;
Expression  ^ ( ^b- A, [ cocos O- f  ^
2C j 2  3a^-ûi+j'^) 4
.1. ;  1 ^  J ). H
2.C. x"- ( -  % c ^ ) ^
The ex p ress io n s  tak ing  Pg and p^ are  not e v a lu a te d  
s ince  a r e s u l t  can be ob ta ined  by adding tw ice  the  r e a l  
p a r t s  of th e  ex p re s s io n s  due to  p^ and Pg, or  2j t t o e s  th e  
imaginary p a r t s  o f  the e x p re s s io n s .
The terms may a lso  be w r i t t e n  having s ln e - o f - m u l t i p l e -  
angle f a c t o r s  where;
= arctawv
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(J>z, 5  arc ta n  $ -----^ 1 0,’- -  co" +
(p^ = a r c t a n  | ^
=
^5  =
a rc ta n
V>—0-. ) .
gC.SwvG
lOCoS 0 -(- (X 0
a rc ta n  j  2^"^
_  % . %. 2. cx *V* CD — oc
C. oc'
(  1 +  4 -
X \^Vi (cot — 0 4  cj>, —
I p H f e g n . [ ( < ^ » < - s ^ » > + ( s ^ ^ n
U - £ . - ^ ) ‘ +
X  S v u ( ' 3 < ^ t  - 4  ( ^ 3  _  4 -
This complicated exp ress ion  may be reduced c o n s id e ra b ly
by n o t ing  th a t  normally  oc »  a, b and co , and oo >- b;
and th e r e f o r e  4  90^, =  0^, 4  90^, 4  180^
and y*-C (see Appendix ’’C” )
Also  ^ 4- to.L.4 4  e  where eCoe* '
i s  the peak value of the system vo ltage .
Hence =f ê  j  C o s [ w t - 8 )  -  J  (c«B + i  g ” C d 5 ( 4 ( 0 J
Provided  G i s  sm all ,  t h i s  expanded becomes
'ü'(ij =  è  |cos(w t-8)- (^ CosG4 - 8 ).-E"^^cosxt -  s u .x t  )
167
The recovery  v o l ta g e  has th e r e f o r e  th e  fo l low ing  components;
(a) A power-frequency term
(b) A h igh-f requency  term due to  th e  c a p a c i to r  v o l t a g e  
a t  the  i n s t a n t  o f  chop*
(c) A h igh -frequency  term  due to  the  Inducto r  c u r r e n t  
a t  the  i n s t a n t  of chop. This  term r e s u l t s  in th e  
high v o l ta g e s  produced by c u r r e n t  chopping.
uovi ^  j j T  J so(JÛ . J-t V g
t h a t  th e  h ig h e r  th e  system n a tu ra l  f requency  ( x  , 
a n g u la r ) ,  the  h ig h e r  the  recovery  v o l ta g e ;  a lso  
the  a d d i t io n  of cap ac i tan c e  w i l l  reduce X and the 
amplitude of th e  reco v e ry  v o l ta g e .
At cu r ren t  ze ro ,  6 = 0 ®  and express ion  becomes 
^C^)o -  e  ( CoS cot — coSDct J
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APPSKDIX "C"
EYALU/'ÆION OF SOMB TYPICAL CONSTANTS ÜSTsD DI APP'SÎIDIZ "B"
Taking R — 0 .5s i ; L :=■ 2mH; c - y r ;  »
Then h s .  = 2 5 0  L
a - 1 7 5 ,
2A ■== 5 X lo^L C .2.OC A" - 5 x  lo^ oc =  2-2
o S tt-Î- = 3l^f .
This j u s t i f i e s  the fo l low ing  assumptions made i n
Appendix v i z . ; -
OC a, b ,  ciwd CO .
CO >- b .
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lŒTWmiT "D"
OSCILLOGTÎÆIÎS m.STAKT TO PAST 8
t .
2151 a T51b
DZa D2b
V
D 3 ct
1 5 5
Qse'Ho^ mwtS o|~ OeccVel-  ^ VathLa e  — P I  a  gi^d T5lU
( G -  0 ‘ ) ; D 2 a  owd. D 2 b  f o r i  e  ._Svv.aU ;
: ? 3 a   D 3 b  & U ^ e _   ^ P m- sU ocoiw g  t ,
pS C illa ,h .O H _  ^_  P 5  sV io lO t% ^  ^ a v 't '  o t  C u r r e n t  (Aj-Vfe
 Q e c o V e rv j V oilrcxQ e u S t w a
Currek\t tesl" ctrcLxit~-
2.
i : ........................
X^7. 5 .0 . — Cab\( ^  ^ . O . ----  Cja.b\-g.
re^ lech oVt ^  =  0^2. . r e j lccLoK  = oO ,
J>9. R.5.O. — Cable 
re^lec-koM = Zp
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CmmAL Q0NCJ.ÎJSIQN3 AND 
BTAmiENT Oi ORIGINAL lOUK
The comnon theme in  the two p a r t s  o f  t h i s  t h e s i s  
hes been r e p e t i t i v e  i n j e c t i o n  of v o l ta g e s  or c u r r e n t s  to 
i n v e s t ig a te  p r o p e r t i e s  of networks. The two equipments 
descr ibed  in t h e i r  r e s p e c t iv e  p a r t s  d i f f e r  widely in  the 
i n j e c t i o n  genera to r  c i r c u i t s  and in  speeds of  time-sweep 
r e q u i r e d ,  and the a p p l i c a t io n s  are  a l so  p e c u l i a r  to  the  
equipments i f  viewed narrowly or  s u p e r f i c i a l l y ,  but i n  
f a c t  have f e a tu r e s  in  common {as has been shown by the  
a b i l i t y  to  make c e r t a i n  comparisons of r e s u l t s )  i f  t r e a t e d  
s y s t e m a t ic a l ly .  The t r i g g e r i n g  and c a l i b r a t i o n  o s c i l l a t i o n  
c i r c u i t s  have much in  common, but here a l so  v a r i e t y  has been 
in t roduced  by us ing  a delay l i n e  in  one case and a v a r i a b le  
d u ra t io n  p u lse  g e n e ra to r  in  the  o th e r  to  produce a time s h i f t  
from the i n i t i a t i o n  of t h e  t in e b a se  to the commencement of 
the  d isp layed  phenomena; va r ious  a lso  have been the  methods 
o f  p rov id ing  c o n s ta n t  amplitude re g e n e ra t io n  in  the  c a l i b r a t i o n  
o s c i l l a t o r s .  In  f a c t ,  f o r  r a p o t i t i v e  t r a n s i e n t  a p p l i c a t io n  
the f i e l d s  o f  c i r c u i t  techn iques  and of low- and h igh-speed  
o sc i l lo g ra p h y  have been f a i r l y  w e l l  e x p lo i tê d  in  en e f f o r t  
to  prov ide  d i r e c t  improvement o r  in c re a se d  v a r s â t i l l t y  over 
e x i s t i n g  des igns .  In the l i g h t  of the  experience gained by 
the  design  and use o f  the  two equipments, the au tho r  f e e l s
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t h a t  f u r t h e r  developments are  s t i l l  p o s s ib le  e s p e c i a l l y  
w ith  regard  t o  making more p o r ta b le  e q u ip m e n ts , ( i f  
s l i g h t l y  l e s s  v e r s a t i l e ) ,  and to  the extended us© of the  
t e s t i n g  techniques  by des igne rs  and maintenance eng inee rs .
In S3 much as the  p a r t i c u l a r  combinations of w e l l -  
known techn iques  are concerned, the equipments are unique, 
though fo llowing the t r e n d s  of p rev ious  d e s ig n e r s .  The 
combination of  p u lse s  and c a l i b r a t i o n  o s c i l l a t i o n s  
Blmul^taneously to  modulât© a d i s p la y ,  has not been desc r ibed  
by prev ious  d es ig n e rs  of E ecu rren t-su rg e  O sc i l lo g rap h s ,  nor 
has the use of the b o o ts t r a p  c i r c u i t  to  provide a p u sh -p u l l  
h igh-sw eep-voltege  timebas© o f  reasonable  l i n e a r i t y .  The 
c a l i b r a t i o n  o s c i l l a t o r  c i r c u i t  fo r  the  R.S.O, has been used 
by a cc l lesguo  (l:r. I .  Cochrane) but o therwise i s  l i t t l e  
knovm. For the  R .Y .I . ,  the technique of c u r r e n t  chopping 
i s  e n t i r e l y  new, being an ex ten s io n  of the  Half-Wav©
I n je c t io n  Ilethod used p re v io u s ly  only by S.Y. King (P ar t  2, 
Reference 53).
In c o n t r a s t  to  Germeshausen (P ar t  1, Reference 4,
Section  8.11 e t  s e q . ) the au thor co n s id e rs  t h a t ,  a t  l e a s t  
in  the one case cons idered ,  the  h e a te r  c u r r e n t  and con­
sequen tly  the  gas p ressu re  have an e f f e c t  on ^the f i r i n g  
deley  of e hydrogen th y ra t ro n  which may be q u i te  n o t i c e a b le  
w ith in  the  sp e c i f i e d  h e a te r  supply to le rances ; '  ’ and a lso  
c o n t ra ry  to  the  genera l  t ren d  of opin ion  regard ing  th e  us©
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of n e u t r a l - c u r r e n t  t e s t s  on t ran s fo rm er  windings to  give 
a measure of  in d i c a t i o n  of the  p o s i t i o n  o f  a f a u l t ,  the  
author has found, aga in  i n  a p a r t i c u l a r  c a se ,  t h a t  f a u l t  
lo c a t io n  might he p r a c t i s e d  e s p e c i a l l y  where a s tandard  
previously, prepared s e t  of  comparison o sc i l log ram s  was 
a v a i l a b l e ,
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ACICTOWLlDamiKNTS
Til s au tho r  d é s i r s  s to express  h i s  s in c e re  g r a t i t u d e  
to  ProfeBBor F.R. Pruoe, I I .S c , ,  Ph .D .,  M.I.E.E,,-  A. I n s t ,  P , , 
of The riOjal Technica l  College ,  Glasgow, f o r  o r i g i n a l l y  
in t ro d u c in g  the author to  the  s u b je c t  of  th e se  r e s e a rc h e s ,  
and f o r  hÎB continued  i n t e r e s t  and a s s i s t a n c e  during  a l l  
s tag es  of the  work.
A pprec ia t ion  i s  a lso  due to  those  membera of s t a f f  
of th e  Department o f  E l e c t r i c a l  Engineering  in The Hoyal 
Technical College who have g iven advice on many m a t t e r s ,  
p a r t i c u l a r l y  Dr, E ,S , F a i r l e y  eiUd Ur, A.S. Husbands, and 
to  those  o f  the  workshop s t a f f  who c a r r i e d  out the  c o n s t ru c t io n  
of exper im en tf I  c h a s s i s  end th e  f i n a l  instruments#
Ur, I ,  HeGregor has undertaken much o f  the  work o f  proving
the  c a p a b i l i t i e s  o f  the and many of th e  comparative
,  'performance f i g u r e s ,  and the  au thor  ex p resses  h i s  deep 
indeb tedness  f o r  t l i i s  in v a lu ab le  a s s i s t a n c e ,
T i thou t  the s c h o la r sh ip s  ; awarded by the  Governors 
of The Royal Technical C o llege ,  and by The Carnegie T rus t  
f o r  th e  U n iv e r s i t i e s  o f  Sco tland ,  the  au thor  Wfculd have been 
unable to  commence and continue  t h i s  work,  ^and th e re fo r e  a 
s p e c ia l  a p p re c ia t io n  i s  due to them f o r  t h e i r  f i n a n c i a l  a id .
